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ABSTRACT
Three Dimensional Printing (3DP) is a solid free form fabrication process which enables
the construction of parts directly from computer-aided design (CAD) models. In the
current process, metal parts are produced by printing a polymer binder into stainless steel
powder. The parts are subsequently furnace-treated to debind, lightly sinter, and then
infiltrate them with a molten metal alloy. These post-printing processes cause a total
linear dimensional change of approximately -1.5 +/- 0.2%. Experiments were conducted to
investigate reactive binder systems that would improve the dimensional control of metal
parts produced by 3DP.
Reactive binders typically require a furnace treatment in order to be activated. To prevent
the printed part from deforming before binder activation, the initial furnace treatment is
carried out with the part contained in the original powder bed. The binder will remain in
the part permanently. Because the part is fired in the powder bed, differentiation between
the bound and unbound regions places a limitation on the types of binders that may be
used.
The three main categories of reactive binders investigated were carbon-based binders, metal
salts, and small particles. The carbon-based binders acted to bind the part by enhancing the
sintering of the stainless steel powder skeleton (binding shrinkage=0.15% when fired at
800°C in argon, total shrinkage=0.78%). The other two categories of binders, which
involved the addition of material to form the interparticle bonds, resulted in even less
shrinkage.
Nearly zero percent shrinkage was obtained with a silver nitrate binder, which reduced to
a continuous fim of silver that formed the interparticle bonds. This reduction occurred at
400°C in a forming gas atmosphere. Other salts tested did not possess this desirable
reduction behavior. Low shrinkage (binding shrinkage=0.0% when fired at 700°C in
forming gas, total shrinkage<0.4%) was also obtained with a co-dispersion of small
carbonyl iron and titanium carbide particles (<2 microns avg.). The carbonyl iron acted to
bind the part while the TiC particles limited the total amount of shrinkage. Further
investigation into these and related systems should lead to the development of a viable, high
dimensional control system for metal parts produced by 3DP.
Thesis Supervisors: Emanuel M. Sachs
Title: Professor of Mechanical Engineering
Samuel M. Allen
Title: Professor of Physical Metallurgy
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1. CHAPTER ONE: INTRODUCTION
1.1 - THREE DIMENSIONAL PRINTING
Three Dimensional Printing (3DP) is a solid free form fabrication process which
enables the construction of parts directly from computer-aided design (CAD) models
[Sachs et al, 1990]. The flexibility of the 3DP process makes it possible to construct a part
out of any material available in powdered form; such a part could possess almost any
geometry, including overhangs, undercuts, and internal volumes. Although the 3DP
process was initially developed for the production of ceramic shells, the usefulness of a
metal powder/binder system to make metal parts was quickly realized [Michaels, 1993].
One key use for such a system is the production of injection molding tooling for plastic
parts. Injection molds are used to make a vast array of parts, ranging from children's toys
to floppy disks. The lead times for the production of such tools generally range from a few
weeks to several months. The rapid production available via the 3DP process can greatly
reduce this turnaround time, thereby alleviating the bottleneck and cutting down product
development cycles.
1.2 - MOTIVATION
Designers of plastic parts often call for fairly tight part tolerances. Therefore, the
tolerances of the injection molds are also critical. The 3DP process can compensate for a
given amount of predicted shrinkage by beginning with a larger green part. The shrinkage
that occurs during post-processing is accounted for when the green part is printed.
However, in general, this shrinkage is not uniform and has a certain amount of error
associated with it. This can lead to warped parts whose final dimensions contain some
uncertainty. Limited dimensional control is one of the key issues for the current 3DP
process for metal parts. For this reason, alternate powder/binder systems for metal parts
have been investigated.
The current method of producing metal parts via the Three Dimensional Printing
process involves printing a polymer binder into a stainless steel powder bed. After the part
is printed, it is removed from the powder bed and undergoes several post-processing steps.
In order to prevent gravitational slumping and other forms of part distortion in the first
step, the part is loosely packed in refractory material to bolster unsupported sections. At
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this time, the polymer is thermally decomposed and the gaseous byproducts are carried out
of the part with the furnace gases. The binder is removed to provide a clean metal skeleton
for infiltration and to avoid degrading the final part properties. During this same furnace
treatment, the skeleton is then lightly sintered to provide adequate strength in the absence of
the original binder; such sintering results in shrinkage. The second post-processing step
involves further sintering and infiltration to create a fully dense part. An alternative binder,
one that would permanently hold the part together, could minimize shrinkage and distortion
while contributing to the final part properties.
A permanent binder, unlike the polymer Acrysol, will not gel to hold the part
together. Instead, the binder will react when heated to form interparticle bonds that give the
part strength. For such a binder system, the entire powder bed would be removed from the
machine and fired at a temperature sufficient to cause the binder to react while leaving the
unprinted regions unaffected. The original powder bed would provide the support
necessary to minimize slumping and distortion. After firing, the part would be removed
from the rest of the powder bed and post-processing would continue normally. Because
the binder would remain in the part and provide the necessary part strength, the need to
sinter the steel itself would be minimized and overall shrinkage would be greatly reduced.
Ideally, this would also lead to a reduction in the variations of the final dimensions. A
similar system is already in place for making 3DP ceramic molds for metal casting. In this
process, colloidal silica is deposited into an alumina powder bed and it gels to provide
green strength. The part is then removed from the powder bed and fired to sinter the silica;
this strengthens the necks between the alumina particles. Unlike Acrysol, however, the
silica remains in the part and provides permanent strength; this eliminates the need to sinter
the alumina itself.
Current processing techniques for metal parts yield shrinkage values of
approximately 1.5% with a standard deviation of +/- 0.2 %. For large parts, these
uncertainties become extremely significant. A reactive binder system would reduce this
shrinkage, providing much greater control over the final dimensions in 3DP metal parts.
Such a binder might also be chosen to enhance part properties or to aid in other post-
processing steps, such as infiltration.
12
1.3 - GOALS
The goal of this research is to investigate powder/binder systems that,
when heated,:
1) will provide sufficient part strength and edge definition
2) will minimize shrinkage and distortion
3) will permit successful infiltration
4) will not adversely affect the mechanical properties of the finished part
Ideally, it would be highly desirable to develop a system which simplified post-processing
and even enhanced final part quality.
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2. CHAPTER TWO: GENERAL TEST PROCEDURES
2.1 - INTRODUCTION
There are two key characteristics that a useful reactive binder system must possess.
The first relates to part strength. Specifically, the part must be strong enough to be
successfully removed from the powder bed after the initial heat treatment and it must also
be strong enough to withstand subsequent handling. Because the entire powder bed is
fired in the initial processing step, the binder must react to provide this part strength at a
temperature below the normal sintering temperature of the powder, TMAX. Otherwise, both
the printed and unprinted regions will sinter together and there will be no way to retrieve
the part from the powder bed. The minimum sintering temperature varies with the size,
composition, and surface characteristics of the powder.
If the potential binder system seems to provide sufficient strength when fired at a
temperature below TmAx, it is then useful to test the shrinkage in the system. Minimal
dimensional variation is the second key characteristic of a viable binder. Minimization of
the total amount of shrinkage, in both the binding and infiltration stages, should result in
smaller variations in the final part dimensions.
2.2 - DETERMINATION OF TMAX
The powder currently used to make 3DP metal tooling is 420 stainless steel with an
average size of about 60 microns. To determine the temperature at which this powder
would begin to sinter, a simple series of tests was conducted. Ten ml of powder were
placed in a crucible that was fired according to following schedule:
1) 10°C/min. to TMAX
2) hold for one hour at TMAX
3) 20°C/min. cool to room temperature
TmAX was varied from 700°C to 950°C. The firing was done in an alumina tube furnace,
shown in Figure 2.1, under a forming gas (95% argon/5% hydrogen) atmosphere.
14
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A 1 I
Gas
Inle .Gas
Outlet
Figure 2.1 Tube furnace set-up
The gas flow rate was held at about 3 SCFH. In each test, the sample developed a one to
two mm oxide layer on the surface, although the powder beneath this layer remained
unaffected. After firing, each sample was probed with a fairly pliant paintbrush and was
then placed in an ultrasonic bath (Sonicor TS-3047HC), as shown in Figure 2.2.
Beaker -.._.,,_1 ,1 . ..
OcuIll Vli
Figure 2.2 Ultrasonic bath set-up
The ultrasonic bath is one potential method of separating the printed and unprinted regions.
Samples fired below 875°C broke down completely after a few seconds in the sonicator.
As the heat treatment temperature was raised above 875°C, it became increasingly difficult
to break down the samples. For example, the 950°C sample did not break down even after
several minutes. The samples could be easily brushed apart only when fired at 700°C or
below. This suggested that TMAx lay somewhere between 700°C and 875°C. Later tests
15
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with larger samples, which did not break down as easily under sonication, eventually
proved that acceptable contrast between printed and unprinted regions could only be
achieved with TmAx closer to 700°C.
Similar tests with 316L powder of comparable size revealed similar results. Other
tests with -15 micron 420 and 316L and -20 micron S7 showed the variations that can
occur due to powder size and surface characteristics. The small 316L and S7 powders
sintered extensively after being fired to 875°C and were minimally affected by sonication.
The small 420 powder, however, barely sintered at this same temperature. This was
probably due to the relatively high oxide content of this powder (see section 3.6.1).
Preliminary binder screening tests were originally conducted with TMAx ranging
from 700°C to 875°C, although it was later determined that TMAx should not exceed -700°C
for truly successful part retrieval.
2.3 - PRELIMINARY STRENGTH TESTING
In order to determine if a potential binder would provide sufficient part strength, a
simple preliminary test was conducted:
1. Use an eyedropper to manually place one drop of the potential binder in three
separate locations in an alumina boat filled with -170/+325 420 powder. This
configuration is shown in Figure 2.3.
Top view
binder loose powder
Figure 2.3 Strength test sample
2. Dry the boat in an oven for about 30 minutes at 200°C.
3. Cover entire sample with a two to three mm thick layer of loose powder (to
protect from effects of oxidation and to permit examination of part/loose powder
16
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interface).
4. Fire the entire boat to TMAX , ranging from 700-875°C, for 20 minutes to an
hour in the tube furnace set-up previously described (forming gas atmosphere).
5. Sonicate the sample in the set-up previously described. If the sample is strong
enough, the loose powder will dissolve and only the bound regions will remain.
These "strong" bound regions should be unaffected by extensive sonication.
2.4 - SHRINKAGE TESTS
If a potential binder seemed to show sufficient strength in the previous test, it was
then tested for shrinkage. A successful reactive binder should result in minimal part
shrinkage. This includes shrinkage in both the initial binding stage (TM x ) and the
infiltration stage, where the part is fired to - 1100°C for about an hour. For the shrinkage
test, the infiltration heat treatment was performed with no actual infiltrant present.
Although the expansion that generally occurs during infiltration would offset some of the
skeleton shrinkage, it is still necessary to minimize the skeleton shrinkage itself. The
skeleton shrinkage and infiltration expansion may offset each other, but the uncertainties
associated with each add to the total uncertainty in the final part dimensions.
Consequently, unless the uncertainty in each of these processes is minimized, control over
final part dimensions will not improve.
The following shrinkage test procedure was used:
1. Fill a rectangular alumina tray with -170/+325 420 powder. Place the tips (about
five mm) of eight stainless steel pins point up in the powder. This will produce
four separate samples. Leave as little of the pins sticking out of the powder as
possible (to minimize the chance that they will be moved accidentally), checking
to make sure that they are in no way touching any of the walls or the bottom of
the tray (see Figure 2.4).
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1 2 3 4 Pin
Alumin
crucible
Figure 2.4 Shrinkage test set-up (top view)
2. Use a pipette to manually saturate the regions between each pair of pins with
the desired binder (about 25 drops). Make sure that the saturated regions do not
join together or extend to the walls of the crucible (see Figure 2.5).
stainless steel pstainless steel pin
base powder
protective
powder layer
Figure 2.5 Shrinkage test set-up (end view)
3. Using an optical microscope with a micrometer-driven stage, measure the
distances (both Ax and Ay) between each pair of pins. The pin-to-pin distance is
equal to the square root of Ax2+Ay2.
4. Dry the binder for 30 minutes in an oven at -200°C. Remeasure distances.
5. Cover base powder with a two to three mm thick protective powder layer (to
protect from effects of oxidation).
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6. Fire in forming gas up to TMAX', holding for 20 minutes to an hour.
7. Remeasure distances and then sonicate to remove loose powder.
8. Place dry samples in boat containing -20 micron alumina powder. (The alumina
powder stabilizes the samples without sintering during the heat treatment in step
9.) Remeasure.
9. Fire up to TINFL, -1 100°C, holding for one hour (simulating infiltration step).
10. Remeasure.
With the optical microscope and micrometer stage, each x and y measurement is
reproducible to within 5 microns. In the worst case, this results in an error of -10 microns
in any length measurement of a one inch sample (see Appendix A) and an error of +/- 20
microns in a shrinkage measurement (i.e. between wet and dry, between dry and binding,
etc.). For a one inch sample, this is an error of +/- 0.1%.
Note: Shrinkage tests with 1/4" stainless steel balls rather than pins were also
conducted. However, these balls tended to fall out of the samples. In addition, the
calculation of the center point of each ball was highly dependent on the depth to which the
ball was pushed into the powder (i.e. if the ball was submerged more than halfway). This
led to widely varying measurements. The pin technique provided much more robust
measurements.
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3. CHAPTER THREE: CARBON-BASED BINDERS
3.1 - BACKGROUND
The motivation for using a carbon-rich binder can be understood with the aid of the
iron-carbon phase diagram. Figure 3.1 shows that the melting point of iron decreases
dramatically (from 1538°C for pure iron to 1153°C for a 4.2 wt. % C mixture) as carbon
content increases.
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Figure 3.1 Iron-Carbon phase diagram [Baker, 1992]
Ideally, printing carbon into a stainless steel powder bed will greatly increase the
concentration of carbon at the necks in the printed regions. If the part is then fired to 800-
900°C, the high carbon regions should sinter at a much greater rate than the surrounding
regions; in general, a lower melting temperature is accompanied by a similarly reduced
sintering temperature. As the part is fired, the excess carbon should eventually diffuse out
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of the neck regions and become uniform throughout the part, thereby only minimally
affecting the overall carbon concentration. This sintering activation would hopefully
provide enough strength contrast between printed and unprinted regions to permit easy
removal from the powder bed and moderately rugged handling. Potential sources of
carbon include colloidal graphite solutions, carbon-based inks, carbon black dispersions,
and sugar solutions. Note that boron-iron and phosphorus-iron phase diagrams also
exhibit similar melting point depressant behavior.
3.2 - CARBON BLACK
Carbon black is a very fine particulate material that is produced by decomposing
petroleum distillates [Foster and Sims, 1994]. These high-purity aggregates are used to
impart pigmentation, UV resistance, and conductivity to various materials; they are
generally on the order of 10 to 100 nanometers. Carbon black is often used in aqueous
solutions with a variety of dispersing agents. For example, many writing inks are
pigmented with carbon black. Some of these inks were tested along with self-made
dispersions.
3.2.1 - DISPERSION EXPERIMENTS
Several different types of carbon black powder were obtained from Cabot
Corporation: Black Pearls (BP) 120, BP 280, BP 450, BP 490, BP 880, and BP 900.
They varied in size (surface area), structure, and surface characteristics. Initially, the
carbon black was mixed with distilled water to displace the air between the aggregates. The
anionic dispersant Tamol 731A was then added, in proportion to the surface area of the
carbon black, to provide stability. The entire mixture was placed on a ball mill to aid the
dispersion. This procedure resulted in fairly good dispersions. For example, Horiba
particle size analysis revealed an average particle size of 60 nm in a one volume percent
solution of BP 900 (mean aggregate size of the powder=15 nm). More information on the
dispersion of carbon black is available in the article "Dispersion Aids For Carbon Blacks in
Aqueous Systems" by Foster and Sims.
Because boron is also a melting point depressant for iron, boron dispersions were
also tested. However, the great difficulty in dispersing even low concentrations and the
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toxicity of boron led to a suspension of these efforts. A dispersion that would easily go
into the powder bed was never attained, so boron's true behavior as a binder was never
really ascertained.
3.2.2 - STRENGTH TEST RESULTS
The carbon black dispersions did not provide sufficient strength. Sonicated test
pellets (1 vol. % BP 900 fired at 850°C for one hour) quickly disintegrated while releasing
a black residue, assumed to be unreacted carbon black. Other technical papers seem to
support the hypothesis that, in general, carbon black does not react as easily as graphite
[Gummeson and Stosuy, 1972]. One explanation for this non-reactivity might be that
carbon black has a high affinity for oxygen. Oxygen will strongly adsorb onto the surface
and hinder reactions. Consequently, in most powder metallurgy applications which require
carbon addition, the carbon is always added in the form of graphite. At this point in the
project, the carbon black dispersions were set aside in favor of the colloidal graphite
solutions.
The store-bought inks (Higgins Drafting Film, Fountain Pen India, and Non-
waterproof Drawing Ink) were carbon black-based with various additives. Preliminary
strength tests did show some success, however, the additives in the ink also reacted with
the powder and resulted in part discoloration and cracking. Previous unpromising results
with the pure carbon black dispersions and the presence of additives in the inks suggested
that these inks would not be worth pursuing.
3.3 - SUGAR
Sugar solutions (0.75 g sugar/ml water), of both sucrose and dextrose, produced
very strong pellets. It was originally thought that the sugar would decompose and leave a
carbon residue behind to react with the steel. However, further tests suggested that the
sugar was not actually decomposing. Instead, it was probably undergoing a process
similar to caramelization and it was this sticky solution that was holding the part together.
This would also explain the large shrinkage values observed (>1.4% when fired to 825°C,
in forming gas, for twenty minutes); as the sugar "gelled," it would tend to pull the
particles together.
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3.4 - COLLOIDAL GRAPHITE
Colloidal graphite is often used to provide conductive coatings, lubrication, or
pigmentation. It is widely used in industry in aqueous or alcohol-based systems.
Experiments were conducted with Grafo LN-152, an aqueous dispersion made by Fuchs
Metal Lubricants Company. LN-152 consists of extremely fine (mean aggregate size=0.8
micron) graphite particles dispersed in a slightly basic solution with a polymeric stabilizer.
It comes from the manufacturer with 22 wt.% solids, but it can be diluted by simply adding
water and agitating the mixture. For the preliminary strength tests, the stock solution was
diluted with distilled water down to 1, 2, 3, 4, 5, and 7 volume percent C solutions.
3.4.1 - PRELIMINARY STRENGTH TESTS
Preliminary tests showed that samples bound with two or more vol. % C LN-152
possessed sufficient strength at temperatures above 750°C; less concentrated solutions did
not provide sufficient strength at any temperature. In general, larger carbon concentrations
led to stronger parts. Higher firing temperatures also led to stronger parts, but also to
stronger unprinted regions. Furthermore, tests at 500°C revealed behavior similar to that
exhibited by the carbon black. When sonicated, the weak pellets broke down and released
a black cloud, suggesting that no chemical reaction had occurred. The reaction was tested
up to 875°C, at which point the unbound regions became too difficult to remove. In
general, although the unbound regions would seem to dissolve after a few seconds of
sonication, it was difficult to determine the quality of the edge definition because there were
no clear interfaces between bound and unbound regions. Even the top surface, which was
generally quite smooth, did not provide a really good indication of how difficult it might be
to remove unprinted powder from internal channels or other crevices.
3.4.2 - MICROSTRUCTURAL ANALYSIS
Several samples were prepared for optical microscopy examination of the
microstructure of samples bound with colloidal graphite. Samples of one and seven vol. %
C were prepared according to the preliminary strength test procedure. However, these
samples were fired up to 1225°C, above the eutectic temperature of 1153°C, for a duration
of one minute. The results seem to support the mechanism of enhanced sintering by
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addition of carbon. Polished cross-sections of these samples revealed more extensive
sintering in the regions where the binder was added. When etched with glyceregia (35 ml
glycerol, 15 ml HC1, 10 ml concentrated HNO3), these same high carbon regions etched at
an accelerated rate. As shown in Figure 3.2, the boundary between the fast and slow-
etching regions was very distinct.
High carbon
region
Figure 3.2 Cross-section of an unfiltrated sample containing regions where seven vol.
% C LN-152 was added. This sample was fired at 1225°C, in forming gas, for a duration
of one minute. It was then etched with glyceregia. The high carbon region, where the
binder was added, etched more rapidly and appears as a dark band.
The more sintered regions correspond to the regions where the binder was added. Further
analysis revealed that the tops of the samples contained more carbon. This suggested a
filtering effect that could probably be avoided with thinner layers and smaller droplets
typical of the actual 3DP process.
3.4.3 - SHRINKAGE TEST RESULTS
Preliminary strength tests showed success with colloidal graphite solutions ranging
from two to seven volume percent. Shrinkage tests were then conducted to determine how
much shrinkage would occur in each of following three stages:
1) drying in air (200°C for 30 minutes)
2) binding in forming gas (825°C for 20 minutes)
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3) infiltration simulation in forming gas (1100°C for one hour)
In all cases, the drying shrinkage was about 0.1%, regardless of carbon concentration.
These values were compared to the shrinkage that would occur during the processing of an
Acrysol-bound part. When Acrysol is used, the initial firing stage involves debinding and
sintering at a temperature above 1100°C. This would be comparable to the "binding" stage
for reactive binders. All parts would then be infiltrated at 1100°C, regardless of binder
type. All tests were conducted with 420 stainless powder except for the Acrysol, which
was done in 316L for comparison to previous work [Tang, 1995]. Tang's tests on 316L
bars printed with aqueous 25 wt. % Acrysol resulted in shrinkage values of - 1.4% at
1300°C. For this test, the parts cast with the same Acrysol binder were fired in forming
gas at 1275°C for one hour. All of the results are shown in Figure 3.3.
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Figure 3.3 Shrinkage comparison between samples bound with colloidal graphite
solutions, sugars, and Acrysol. All of the colloidal graphite and sugar samples (0.75g/ml
water) were made from 420 powder and were bound at 825°C, in forming gas, for twenty
minutes. The colloidal graphite samples were then fired to the infiltration simulation
temperature of 1100°C for one hour. Note that the infiltration simulation shrinkage for the
seven vol. % C sample was negligible. The sample bound with the aqueous 25 wt. %
Acrysol binder was fired in 316L at 1275°C for one hour, for comparison to previous
shrinkage measurements with printed samples that resulted in 1.4% shrinkage.
Infiltration shrinkage was only measured for the colloidal graphite samples.
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Compared to the Acrysol and sugar, the graphite resulted in significantly less shrinkage,
generally about 0.6%. The samples with higher carbon concentrations shrank more in the
binding stage (0.15% for 2 vol. % C vs. 0.5% for 7 vol. % C). However, this trend was
reversed in the infiltration simulation stage (0.45% for 2 vol. % C vs. 0.0% for 7 vol. %
C). There appeared to be a limit to the total shrinkage occurring in the process; increased
amounts of carbon seemed to cause more of the shrinkage to occur in the binding stage. In
all cases, however, the total shrinkage for all concentrations added up to about 0.6%.
These values were less than half the shrinkage of the Acrysol parts, suggesting that this
might be a viable system.
3.5 - PRINTING OF TEST BARS
Success in both the preliminary strength and shrinkage tests led to the printing of
test bars on the laboratory 3DP machine, which is also known as the alpha machine. These
tests were conducted to determine the shrinkage and powder removal properties of printed
parts (as compared to the previous cast test samples, which were "printed" in one layer
using an eyedropper).
3.5.1 - JETTING OF COLLOIDAL GRAPHITE
On a test stand, the first lot of LN-152 was jetted for several minutes through a
twenty micron nylon filter (ten micron filter clogged) and a 45 micron nozzle. This was
done with both one and seven vol. % C solutions. However, later tests resulted in
clogging with the twenty micron nylon filter, but successful jetting with an eight micron
stainless steel filter. In contrast, a second lot of LN-152 would pass through the eight
micron stainless steel filter, but would only jet for a few seconds through the 45 micron
nozzle. The use of a larger 75 micron nozzle resulted in successful jetting of three and
seven vol. % C solutions. During these experiments, it was observed that jetting was
improved after the nozzle had been backflushed with ammonia. This suggested that the
dispersion quality was dependent upon the pH.
pH measurements of the two LN-152 lots revealed that the pH of the first was 9.5
while the pH of the second was 10.5. This seemed to contradict the test stand observation,
where the addition of ammonia seemed to aid the jetting. Perhaps there is a specific pH
window for optimal dispersion quality. To test the effect of pH on dispersion quality, HC1
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was added to the second lot to reduce the pH to 9.5. Figure 3.4 shows the results of the
Horiba particle size analysis.
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Figure 3.4 Horiba particle size distribution of seven vol. % C LN-152 (2nd lot) binder.
The lower pH solution has a much smaller volume fraction of large ten micron
agglomerates.
The addition of the HC1 greatly reduced the percentage of agglomerates in the nine
to ten micron range. These larger agglomerates were probably the cause of clogging in the
45 micron nozzle. The mean particle size was about 0.5 microns. A three vol. % C
solution that was made from the second lot, whose pH was adjusted to 9.4, was
successfully jetted through the eight micron filter and 45 micron nozzle. The seven vol. %
C solution would still only jet continuously through the 75 micron nozzle.
pH adjustment could solve the jetting problem. However, further study would be
necessary. For the printing of the test bars, the solution was subjected to a preliminary five
micron batch filtering before being used on the machine. This pre-filtering removed the
large ten micron agglomerates. Although about ten percent of the graphite was lost during
this initial filtering, this method was still more convenient than attempting to manipulate the
pH of the solution. The initial concentration of the binder was appropriately adjusted to
achieve the desired post-filtering concentration.
Note that the addition of another dispersing agent (Tamol SN) did not improve
jetting. In addition, sonic probing of the solution seemed to have a temporary beneficial
effect. The sonic probing did break up the larger agglomerates; however, it did not prevent
reagglomeration, which occurred over the course of several hours.
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3.5.2 - SHRINKAGE TEST RESULTS
Figure 3.5 shows the geometries of test bars that were printed on the alpha machine
with three volume percent (after initial batch filtering) LN-152.
1/2" :_
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Mark Li
Fast Axis
2"
3/8"
Figure 3.5 Printed test bar geometries
The bars were 3/8" square with lengths of 0.5, 1.0, and 2.0 inches. Different lengths were
used to measure the relationship between part size and shrinkage. Because the alpha
machine piston was not fireable, the printed parts were carefully removed from the piston
and placed in an alumina crucible to be fired. These bars had enough strength to be
removed intact from the powder bed, but they were extremely fragile. The fiducial marks
were difficult to see because they were filled with powder, but any attempts to remove the
powder caused the bars to disintegrate. To get around this problem, two small holes were
drilled into each bar ( 1/4" deep), one at each end. The holes were then backfilled with
loose powder and pins were placed in them. A few drops of three vol. % C LN-152 were
dropped onto the pins to cement them in place. The distances between the pins were
measured on the coordinate measuring machine. Before firing, the parts were buried in
powder to simulate the actual processing conditions. The shrinkage values, given in Figure
3.6, were comparable to the previous measurements on cast samples (-0.6%).
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1.0 -0.16 -0.33
2.0 -0.12 -0.36
Figure 3.6 Shrinkage values for parts printed on the alpha machine with three vol. % C
LN-152. The parts were bound at 825°C, in forming gas, for twenty minutes and the
infiltration simulation was performed at 1100°C, in forming gas, for one hour. The
binding shrinkage of two vol. % C cast samples was 0.17 %.
The total shrinkage values were slightly lower, but within the error of the test. This may be
explained by the fact that the printed bars were not saturated with binder. As expected, the
shrinkage generally varied linearly with part size. The largest deviations occurred in the
smallest samples, probably because the errors introduced with the additional binder (needed
to cement pins) increased as the length of the bars decreased (because the saturated region
made up larger percentage of total length).
3.5.3 - EDGE DEFINITION PROBLEMS
Despite the success with the shrinkage tests, other problems became apparent when
the printed bars were sonicated to remove the unbound regions. Although the top surface
cleaned up well, excess powder tended to cling to the sides of the bars. The interface was
not sharp; powder tended to stick in the regions between the layers on the sides.
In order to understand this problem, new test parts were printed on the alpha
machine. All of these parts were printed in 420 powder with a three vol. % C LN-152
binder. They contained trenches of different widths and were fired at different
temperatures. Even when these test parts were fired at temperatures as low as 750°C, the
"loose powder" in the channels was not released when the part was sonicated (Figure 3.7).
In addition, this lower temperature resulted in lower part strength. Extensive sonication to
remove powder trapped in channels resulted in erosion of the actual part.
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Figure 3.7 420 powder removal test sample printed with three vol. % C LN-152 and
fired, in forming gas, at 750°C. After firing, the part was sonicated in an attempt to remove
the unbound powder. The outer dimensions of the part are 1" x 2".
To use a colloidal graphite binder successfully, a method of increasing the contrast between
the printed and unprinted regions must be developed.
3.6 - OXIDATION OF 420 POWDER FOR USE WITH A COLLOIDAL
GRAPHITE BINDER
3.6.1 - BACKGROUND
In order for effective sintering to take place, there must be clean metal-to-metal
contact between the two particles. Oxides on the powder surface will hinder diffusion
bonding and slow down the sintering process. Because the metal powder used in 3DP is
generally produced via atomization, it already possesses a thin surface oxide layer. For this
reason, the parts need to be fired in an inert or reducing atmosphere to reduce existing
oxides and to prevent more from forming during the sintering process [German, 1984].
Current 3DP processing requires furnace treatments in either pure hydrogen or forming
gas. The hydrogen reduces the oxides:
MO (solid) + H2 (gas) - M(solid) + H20 (gas) (3.1)
The water vapor formed from the reduction is carried out of the part with the furnace gases.
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In a demonstration of the effects of oxides on sintering, a test on -15 micron 420
powder with a high oxygen content showed minimal sintering, even at 875°C. This sample
dissolved within three seconds in the sonicator. This was in contrast to the -170/+325 420,
a larger powder which withstood several minutes of sonication after being fired to the same
temperature. This led to the hypothesis that a powder with a high oxygen content could be
used to increase part edge definition, if the LN-152 would still react with this powder. At a
given temperature, thicker oxide layers would lead to less sintering (and therefore easier
removal of unprinted regions). To test this hypothesis, small quantities of -170/+325 420
powder were fired in box furnaces, in air, at temperatures ranging from 450 to 600°C for
one hour each. The color of the fired powder was indicative of the level of oxidation
because the thickness of the oxide layer was comparable to the wavelength of visible light.
Observations of parts cast and printed with oxidized powder suggested another
binding mechanism for the colloidal graphite. The regions which contained the colloidal
graphite were much cleaner and stronger after firing compared to the surrounding powder.
This suggested, perhaps, a combination of the previously mentioned enhanced sintering
behavior along with the action of graphite as a reducing agent. If the graphite acted to
reduce the surface oxides (along with the hydrogen in the forming gas) and further increase
metal-to-metal particle contact, sintering would be greatly enhanced in those regions. The
printed regions would sinter enough to provide sufficient part strength while oxide-
hindering in the unprinted regions would permit easy part retrieval. Literature searches
revealed that graphite is sometimes combined with water-atomized steel powders before
firing. In the most extreme case, these parts can then be sintered in a vacuum or inert gas
atmosphere, rather than in a hydrogen atmosphere, because the graphite itself acts as the
reducing agent [Tunberg, Nyborg, and Liu, 1992]. The thin layer of oxides on particles
produced by the atomization process is easily reduced by a small percent fraction of added
graphite via the following equations:
MO (solid) + C (solid) - M(solid) + CO (gas) (3.2)
MO (solid) + CO (gas) - M (solid) + CO2 (gas) (3.3)
CO2 (gas) + C (solid) -> 2CO (gas) (3.4)
Direct reduction as described in Eq. 3-2 requires point contact between the steel and the
graphite particles. Consequently, additional reduction probably occurs via Eq. 3-3, where
the metal oxide is reduced by the CO gas and the resulting CO2 is consumed via Eq. 3-4.
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In small added quantities, the graphite would reduce the oxides and leave the part in the
form of gaseous byproducts. Consequently, the overall carbon levels in the part would not
be affected.
3.6.2 - EDGE DEFINITION IMPROVEMENT
Preliminary strength tests with 600°C (dark purple) oxidized powder showed that
sufficient binding was still occurring with carbon concentrations at three volume percent
and above. The bound regions could be easily removed from the surrounding powder,
without sonication, after firing at temperatures up to 950°C in forming gas. This increase
in contrast between the printed and unprinted regions led to a great improvement in edge
definition and ease of powder removal from internal channels. The edge definition
improvement can be clearly seen in Figure 3.8.
Printed with unoxidized 420 Printed with oxidized (600°C) 420
Figure 3.8 Oxidation effects on edge definition
An alternative approach to increasing edge definition and aiding part retrieval is to
add graphite to untreated powder and fire in an inert atmosphere. By firing in an inert
atmosphere, it may be possible to increase the contrast between the printed and unprinted
regions, even with "clean" powder. The powder straight from the manufacturer still
possesses a thin layer of surface oxides. In an inert atmosphere, the graphite would reduce
these oxides, enhancing sintering, while the surrounding powder would not be exposed to
any reducing agent (no hydrogen in the furnace gases), hindering sintering. Preliminary
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strength tests using three and seven volume percent carbon LN-152 in clean and oxidized
powder showed promising results. The samples were fired at 800°C for 30 minutes in an
99.998% pure argon atmosphere. Although the top layer of protective powder was fairly
oxidized, the parts underneath were not. The unprinted regions sonicated away within a
few seconds and the pellets appeared to possess sufficient strength. The unprinted regions
could also be brushed away with a soft-bristled brush.
3.6.3 - EFFECTS ON SHRINKAGE
The use of oxidized powder would permit firing to higher temperatures, which
would add to the enhanced sintering effect (firing temperature is a larger percentage of the
melting temperature), while improving the contrast between bound and unbound regions.
However, the creation of a layer of oxides, that must be reduced before the part will sinter,
would also increase the amount of total shrinkage. A schematic of this effect is given in
Figure 3.9.
Oxide Layer
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Figure 3.9 Effect of oxide layer on shrinkage
Shrinkage tests with different levels of oxidized powder confirmed this hypothesis. The
results of these shrinkage tests are shown in Figure 3.10.
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Figure 3.10 Shrinkage vs. oxide thickness of 420 powder fired in air for one hour at the
specified oxidation temperature. Higher oxidation temperatures led to thicker oxide layers
and increased shrinkage.
Shrinkage in clean 420 powder under similar conditions ranged from 0.5-0.6%.
There is an obvious tradeoff between shrinkage and quality of part definition.
Increased levels of oxidation will permit firing to higher temperatures and increased
strength contrast. Increased levels will also lead to much larger amounts of shrinkage,
especially in the infiltration stage, when the residual oxides must be reduced. (Note that
parts made of oxidized powder do not come out completely clean after the binding stage.
They are still brown or blue, which suggests that there are still oxides on the surface. They
do, however, clean up completely to a normal gray color at the infiltration temperature.)
For example, shrinkage in the 600°C oxidized powder exceeded 1.2%, which was
comparable to the shrinkage obtained with Acrysol parts fired at 1275°C.
Shrinkage tests on parts made of untreated powder fired in an argon atmosphere
yielded an average total shrinkage of 0.78%. This was comparable to the original samples,
which were made of untreated 420 fired in forming gas. The slight increase (from 0.6%)
may be due to slight oxidation occurring in the argon-fired binding stage.
3.7 - INFILTRATION EXPERIMENTS ON PARTS BOUND WITH
COLLOIDAL GRAPHITE
A completely successful reactive binder system will minimize shrinkage without
complicating the infiltration process. To test the infiltration properties of colloidal graphite
parts, two sets of samples were prepared. One was cast in untreated 420 with three vol. %
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C LN-152 and fired to 825°C in forming gas for 25 minutes. It was then infiltrated with
Grade 150P bronze from ACUPOWDER International (1110°C for twenty minutes in
hydrogen with a vacuum pulled to eliminate porosity). This sample was analyzed by Mr.
Mark Ransick of Advanced Health Care Systems. The second sample was printed on the
alpha machine in 600°C oxidized 420 with three vol. % C LN-152. This sample was
bound at 900°C in forming gas for twenty minutes. It was then infiltrated with bronze
according to the procedure listed above. In both cases, the samples infiltrated successfully,
although there was some porosity.
3.7.1 - EFFECT ON MICROSTRUCTURE
Microstructural and x-ray analyses of the cast and infiltrated part revealed
predominantly martensitic particles with chromium-rich phases at many of the necks
[Ransick, 1996]. Figure 3.11 shows results obtained from an EDX analysis.
Figure 3.11 EDX analysis of cast and infiltrated three vol. % C LN-152 part. This
sample was bound at 825°C, in forming gas, for 25 minutes. It was then infiltrated with
bronze at 1110°C, in hydrogen and then forming gas, for twenty minutes.
The chromium-rich phases are likely to be chromium carbides, which precipitate at grain
boundaries. The carbides are the result of residual carbon content from the added graphite.
They are highly undesirable because they are brittle and corrode easily, effectively
eliminating the "stainless" properties of the steel. From the Thermo-Calc plot shown in
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Figure 3.12, it is evident that more than four weight percent carbon at 1100°C will result in
carbide formation. Further information about Thermo-Calc is given in section 4.4.1.
THERMO-CALC (96. 5. 8:12.53) :420 Phase Fractions at 1100C
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Figure 3.12 Phase fractions of 420 vs. carbon content (@ 100°C). The graph shows
the number of moles of each phase as a function of weight percent carbon in 420 stainless
steel.
Ideally, all of the added graphite will either form carbon monoxide and leave the part in the
oxide reduction or eventually diffuse evenly throughout the part in subsequent heat
treatments. Obviously, the concentration of the colloidal graphite solution is a critical
parameter.
The printed, infiltrated sample was cut into several pieces which were exposed to
different heat treatments. Two segments were austenitized in an air furnace and then oil-
quenched. For the austenizing process, the samples were encapsulated with argon and a
piece of tantalum and fired to 940°C for 30 minutes. One of these segments was then
tempered in an air furnace at 175°C for one hour. The other was encapsulated with argon
and reheated to 700°C for four hours and 20 minutes; it was allowed to furnace cool.
Figure 3.13 and Figure 3.14 revealed that the heat-treated samples had a finer
microstructure and a more uniform distribution of chromium.
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Figure 3.13 Micrograph of austenitized and tempered graphite sample
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Figure 3.14 EDX analysis of austenitized/700°C hold graphite sample
These results suggest that the heat treatments can create a more uniform distribution of
carbon that will prevent the formation of chromium carbides. However, as mentioned
previously, determining a concentration of carbon that is just sufficient to reduce oxides is
critical to the success of this processing route.
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Some hardness measurements were also done on the printed and infiltrated
samples. The macrohardness of the as-infiltrated sample barely registered on the RC scale.
The austenitized, quenched, and tempered sample had a measured hardness of about 27
RC. The measured microhardness of this same sample was about 270 HV (100g) for the
steel particles and 120 for the infiltrant.
3.8 - MACHINE CONSIDERATIONS FOR PRINTING COLLOIDAL
GRAPHITE
In the implementation of an actual reactive binder process, the entire piston would
be removed from the 3DP machine to undergo the binding heat treatment. Therefore, the
piston box itself would need to withstand temperatures up to -900°C. Such a high
temperature, removable piston had already been built out of 310 stainless steel for the proto
machine [Tuerck, 1992]. (The proto machine is an early version of the 3DP machine that
has only one jet, no deflection capabilities, and a manual powder dispensing system.) In
all of the previous experiments, the test bars were removed from the original piston box
and repacked in loose powder before firing. This was done to avoid having to remove the
entire piston from the alpha machine. However, several other tests were conducted to
observe the effects of firing the printed parts in the piston box.
Small bars were printed on the proto machine using three volume percent LN-152
in 550°C oxidized powder. The original piston box was used, but a new graphite piston
plate was constructed. The piston plate was painted with boron nitride to prevent any
reactions and gasketed with FiberFrax. After printing, the entire piston was removed from
the machine and fired to 875°C for 20 minutes. The parts did not seem to have cleaned up
at all. There was very little contrast between the printed and unprinted regions. This might
have been a result of uneven heating in the piston and the brief holding time, which
prevented the part from reaching a uniform temperature. Similar results were seen when
large parts printed in 450°C oxidized powder were fired in a large graphite crucible, in
forming gas, at 825°C (Figure 3.15). A full schematic of this part is given in Appendix B.
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Figure 3.15 Test part printed with three vol. % C LN-152 on alpha machine in 450°C
oxidized powder. The part was covered with 450°C powder and fired in a graphite crucible
at 825°C, in forming gas, for twenty minutes. The edge differentiation was poor and the
part itself was quite fragile.
Much greater attention must be paid to heating/cooling rates and holding times when larger
thermal masses are involved (i.e. piston box and/or larger parts).
Full implementation of a colloidal graphite system might require machine
modifications. When dried, colloidal graphite forms a cohesive, highly conducting film.
This may cause problems if the solution tends to collect on the printhead and cause shorts.
Jetting would not appear to be a problem, as long as the solution is batch filtered
beforehand and never allowed to dry out in the nozzles. Note, however, that colloidal
graphite, while non-toxic, is extremely messy. Like ink, it can easily stain skin and
clothing.
3.9 - SUMMARY
Out of the available sources of carbon considered, which included carbon black,
sugars, and colloidal graphite, colloidal graphite was determined to be the most effective in
terms of reactivity and minimization of shrinkage. Total shrinkage of cast samples was
-0.6% for concentrations ranging from one to seven volume percent C LN-152. However,
edge definition was not acceptable for parts printed in untreated 420 and fired in forming
gas. Pre-oxidation of the 420 powder greatly improved the edge definition, but also added
to the total shrinkage. An alternative processing route might be to fire parts made of
untreated powder in an inert argon atmosphere, thereby allowing the carbon to act as the
only reducing agent. A summary of the results for experiments involving colloidal graphite
is given in Figure 3.16.
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The concentration of carbon in the binder is a critical parameter; residual carbon will
have a detrimental effect on the microstructure. Excess carbon will result in the formation
of chromium carbides at the grain boundaries. This may be avoided by adding only
enough carbon to reduce the surface oxides and performing heat treatments to make the
carbon distribution homogeneous. In addition, when the entire piston box is fired,
heating/cooling rates and hold times become increasingly critical; uneven heating will cause
unexpected results.
In summary, if this technique is to be implemented, future work must focus on
determining optimal levels of binder carbon content and powder oxidation as well as
appropriate heating/cooling rates, temperatures/hold times, and atmospheres during the
initial furnace treatment.
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4. CHAPTER FOUR: METAL SALTS
4.1 -BACKGROUND
A concentrated metal salt solution can be used as a reactive binder. After printing
such a solution, the entire powder bed could be fired at a low temperature (below TMAx) in a
reducing atmosphere. Under appropriate conditions, the salt would be reduced to a pure
metal, thereby coating the powder particles and binding the printed regions. A viable metal
salt should possess the following properties:
1) reducible, by hydrogen, to elemental metal and gaseous byproducts
2) reducible at a temperature below TMAx
3) reducible to a coherent, continuous film
4) high solubility in water
Reduction to elemental metal and gaseous byproducts is necessary to prevent undesirable
residues from being left in the part. Any gaseous byproducts will be carried out with the
furnace gases. Ideally, the reduced metal will not have a detrimental effect on the overall
mechanical properties of the part. The reduction must occur at a temperature below Tm x to
permit easy part retrieval. The reduced metal should coat the surface of the particles,
forming strong interparticle bonds; isolated islands of metal are not desirable. Finally, the
salt must be soluble enough to provide sufficient metal content in the binder.
A metal salt binder has a greater potential for low shrinkage than colloidal graphite.
Colloidal graphite enhances sintering to provide skeleton strength. This sintering will
always be accompanied by a certain amount of shrinkage. With a metal coating providing
the interparticle strength, the steel particles themselves would not need to sinter (Figure
4.1).
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Initial Loose Powder
Reduced
No Skeleton Shrinkage Skeleton Shrinkage
Required
Figure 4.1 Comparison of binding actions between a process that requires skeleton
shrinkage and one that does not
This is analogous to the alumina/colloidal silica system mentioned previously.
Note that salt reduction may also be a way to introduce sintering activators for thin
coatings on the steel particles. This will be discussed in more depth in the activated
sintering section.
4.2 - SILVER NITRATE AS A MODEL SYSTEM
Silver nitrate (AgNO3) was chosen as a model system because it meets all of the
desired criteria. This study gives an indication of potential problems that might be faced
when using silver nitrate or other salt systems. Although it would be unfavorable to have
silver in the stainless steel tools, it was still worthwhile to study the behavior of the entire
process using this salt. In fact, this system actually might be useful for constructing short-
run tooling; such tooling would not have the mechanical strength of hard tools, but the
strength reduction might be acceptable if the process provided exceptional dimensional
control.
Silver nitrate is highly soluble in water (122g/100g H2 0) and theoretically reduces
in hydrogen even at room temperature. It first decomposes to silver oxide (Ag20), which
then reduces to water vapor and pure silver. It reduces at a much lower temperature than all
of the other salts under consideration. The low reduction temperature is very encouraging
because it is well below the temperature at which unoxidized 420 will start to sinter. In
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addition, silver nitrate is often chemically reduced to deposit thin films of silver on various
surfaces (i.e. on glass to produce mirrors). These films are continuous and homogeneous,
suggesting that a comparably good film may be achieved by other reduction processes.
4.2.1 - SILVERING EXPERIMENTS
Two of the chemical reduction methods used to make mirrors were tested as
binders. The 420 test pellets produced with the Brashear method listed below were
extremely weak and could not be handled. In this experiment the solutions were either 1)
mixed together and quickly dropped into the powder bed or 2) dropped sequentially into the
powder bed at a specified location. Neither technique produced a successful result. A
silvery metallic film did form on the surface of the powder, but it was very weak.
Brashear Silvering Solutions
Silver solution Reducing solution
80 ml H2 0 100 ml H20
2 g KOH 9 g cane sugar
4 g AgNO 3 0.4 ml HNO 3(boil 5 min. and cool before use)
These solutions were mixed in a 4:1 ratio. The preparation of the silvering solution is a
fairly involved process that will be discussed in further detail in Appendix C [Addicks,
1940]. A formaldehyde reducing solution was also tested (5 parts silver solution: 1 part
formaldehyde solution). However, the resulting silver film was much less adherent than
the one obtained with the Brashear method.
Formaldehyde Silvering Solutions
Silver solution Reducing solution
100 ml H 2 0 100 ml H20
6 g AgNO 3 6.5 ml formaldehyde
amm. hydroxide 0.4 ml HNO3
These tests probably did not work for several reasons. First of all, the cleanliness of the
surface to be silvered is very critical. In commercial processing, surfaces are meticulously
cleaned and often pre-treated with stannous chloride to improve wetting. The surface of the
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stainless steel powder, which was untreated in these experiments, may not have been clean
enough for good adherence. Secondly, the limited amount of silver in the applied solution
was probably not enough to form a strong, thick film. However, in further testing, the
binder was reapplied to form two or three layers and there was no significant strength
improvement. Finally, the reduction reaction produces a brown precipitate, which can not
be removed in this type of application. This precipitate will tend to settle out onto the
powder surfaces and interfere with the binding.
4.2.2 - STRENGTH TEST RESULTS
Preliminary strength tests on 2.8 and 5.6 M silver nitrate solutions reduced in the
tube furnace, in forming gas, gave more promising results. The fired pellets were quite
strong, even at temperatures down to 400°C. Figure 4.2 shows how the silver forms the
interparticle bonds. EDX analysis revealed that the neck regions were nearly 95% silver.
Figure 4.2 420 bound with 5.6 M AgNO3 at 4000 C, in forming gas, for one hour
As shown in the image, the silver reduced to a continuous, adherent film in the neck
regions. The unprinted regions barely sintered at all; this suggests that the skeleton
strength was mainly due to the binding action of the silver film. Within each sample, there
was a clear strength gradient from the top to the bottom. The top surfaces were much
stronger than the bottom regions; again, this was probably due to the filtering effect of the
powder or the capillary forces that would tend to draw the salt to the surface during drying.
Printing with thinner layers and smaller droplets would produce a much more uniform
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distribution of silver nitrate; this would presumably result in more uniform properties
throughout the volume of the part.
As a control experiment, the strength of several unreduced samples was also tested.
These samples did have some green strength; these weak bonds appeared to be the result of
silver nitrate recrystallizing in the neck regions during drying (Figure 4.3).
Figure 4.3 420 bound with 5.6 M AgNO3 (dried but not reduced)
However, when simply placed in water, these samples disintegrated almost instantly and
the silver nitrate went back into solution. This confirmed the presence of a chemically
activated binding action in the fired samples.
4.2.3 - SHRINKAGE TEST RESULTS
Subsequent shrinkage tests showed nearly zero shrinkage (/- 0.1%) during firing
at 400°C for one hour. However, when fired to 600°C, the parts actually expanded about
0.25%. This occurred when the samples were directly fired to 600°C and also when
samples originally fired to 400°C, with zero shrinkage, were refired to 600°C. The reasons
for this behavior are not clearly understood. The hypothesis of hydrogen dissolving into
the silver seems disproved by a test in which similar expansion was observed during
refiring, to 600°C, in pure argon. Another hypothesis proposed that the salt was actually
melting (m.p. 210°C) before reduction, perhaps resulting in a flow of molten silver nitrate.
If this was the case, the steel particles might shift due the motion of the molten material. To
test this, green parts were replaced in the powder bed with their well-defined top surfaces
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facing either up, down, or to the side. After firing at 400°C, all of these surfaces appeared
equally crisp, suggesting no significant migration of material.
Some of this expansion might be caused by oxidation of the steel powder or the
silver itself. If the protective top layer of steel powder was not thick enough, the part itself
oxidized slightly and turned a golden brown color. Tests where the parts were buried
under a thicker layer of powder to avoid oxidation resulted in shrinkage values of -0.12%.
Further tests of 5.6 M silver nitrate in 30 micron spherical alumina powder also revealed
about 0.2% expansion. Therefore, some of the original expansion was probably due to
oxidation, although the oxidation does not account for all of it.
4.2.4 - INFILTRATION EXPERIMENTS
Parts printed with silver nitrate would require infiltration with an infiltrant whose
melting point was below that of silver (961°C). Potential candidates include zinc, lead/tin,
and silver brazing alloys. A simple hot plate infiltration experiment with lead/tin solder was
unsuccessful. The part was placed, along with several pieces of solder wire, in a crucible
that was heated on a laboratory hot plate. The molten solder would not even wet the
surface of the part, which was bound with 5.6 M silver nitrate and fired to 400°C. The
application of a fluxing agent, Stay-Clean Flux, did not result in any improvement. The
solder still failed to wet or penetrate the part.
Subsequent attempts at furnace infiltration without flux were also unsuccessful.
For the furnace infiltrations, Silvaloy A-56T, a silver brazing alloy, was used as the
infiltrant. Silvaloy A-56T melts at 612°C and is composed of silver, copper, zinc, and tin
(56:22:17:5 wt. %). The 1/8" diameter Silvaloy wire stock was cut into 1/4" pellets; these
pellets were placed into a crucible with the test part. The volume of the Silvaloy pellets was
at least twice the volume of the part's porosity. The crucible was then fired in the tube
furnace, in forming gas, to 725°C for 30 minutes. During the firing, the crucible was
propped up one side to ensure that the molten Silvaloy would contact the part. Although
the molten infiltrant did come in contact with the skeleton, it did not wet the part and no
infiltration occurred.
Fluxes are often used in the brazing process to aid wetting by reducing surface
oxides. Coating the steel skeleton with a flux should make it easier to infiltrate. In a
preliminary test, two small substrates (1 cm x 1 cm x 2 mm) of pure silver were used to test
the wetting properties of the Silvaloy on silver itself. The silver substrates were abraded
with SiC paper to remove most of the surface oxides. They were then cleaned with
47
isopropanol and one was treated with HandyFlux. HandyFlux contains fluorine ions
which act as a reducing agent. The flux was diluted down with deionized water to a thick
liquid consistency and brushed onto the part surface. One small Silvaloy pellet was then
placed on the surface of each substrate and the substrates were fired, in forming gas, to
725°C for 30 minutes. The Silvaloy wetted both substrates; however, the contact angle
was greatly reduced when flux was added and the flux left a blue residue behind.
In further tests, several pellets of the Silvaloy were placed onto the top surfaces of
two stainless steel parts bound with 5.6 M silver nitrate at 400°C. One sample had been
brushed with flux. The samples were then fired, in forming gas, to 725°C for 30 minutes
and the infiltration was successful only in the presence of the flux; in that case, the Silvaloy
completely penetrated the skeleton. The part that was not treated with flux totally failed to
infiltrate (no penetration of Silvaloy into skeleton). In both cases, however, the parts
became discolored (blue/purple) during firing. In a similar experiment, the infiltration
properties of a sintered stainless steel skeleton containing no binder were also tested.
Infiltration was not successful with or without flux. Without flux, there was absolutely no
wetting; during firing, the bead of Silvaloy just fell off the part. With flux, the Silvaloy did
wet the surface of the part, but it did not penetrate. These experiments suggest that
infiltration with Silvaloy would only be possible if a flux was used on a part bound with
silver. However, a flux would leave undesirable residues, such as fluorine, in the part.
Another infiltrant, one that did not require the use of a fluxing agent, would be preferable.
Microstructural analysis of the successfully infiltrated silver-bound part revealed
several percent porosity. In general, the pores were small and isolated. Figure 4.4 shows
the two distinct phases visible in the infiltrant.
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Figure 4.4 Cross-sections of Silvaloy-infiltrated silver-bound part. The part was bound
with 5.6 M AgNO3 at 400°C, in forming gas, for one hour. It was then coated with
HandyFlux and infiltrated with Silvaloy A-56T at 725°C, in forming gas.
This was consistent with what was predicted from the phase diagram. EDX analysis
showed that the dark regions were copper-rich, while the lighter regions were silver-rich.
There were also traces of fluorine in the part. The microhardness of the infiltrant was
approximately 140 HV (50g).
4.2.5 - ALTERNATIVE SILVER SALTS
The relative success of the silver nitrate binder led to a search for other silver salts
that could be used to produce short-run tooling. Silver nitrate is highly toxic substance that
can cause severe skin bums. Consequently, it is not well-suited for use on an actual 3DP
machine.
Potential candidates from the plating and photographic industries were investigated.
Commercial silver plating solutions are often made from silver cyanide. Although highly
soluble in water, silver cyanide is also toxic. Another soluble silver salt, silver fluoride,
can also be lethal. These salts would not be good candidates for use in 3DP. Photographic
film makes use of various silver halides, including silver iodide and silver bromide.
Unexposed silver halide crystals are rinsed off the film in an aqueous thiosulfate solutions.
However, the level of solubility is relatively low (on the order of ten g/l) and would be
insufficient for binding in 3DP.
Two other soluble silver salts are silver perchlorate and silver carbonate. Silver
perchlorate, however, reduces to silver chloride, which will corrode the steel powder.
Silver carbonate is soluble in an ammoniacal solution (pH-8) and is non-toxic.
49
Unfortunately, it does not produce a continuous silver film when reduced (see section
4.4.3).
4.3 - AMMONIUM MOLYBDATE
Another potential metal salt binder that was tested was ammonium molybdate
[(NH4)6Mo7O24 4H2 0], which can be reduced to pure molybdenum. A molybdenum
coating would be useful for several reasons. In addition to providing part strength, the
molybdenum coating could act as a diffusion barrier between the steel skeleton and the
bronze infiltrant. Other research is currently being done to investigate the use of
molybdenum as a diffusion barrier.
In previous work, Hon Tang developed a method of coating stainless steel powder
with molybdenum [Tang, 1995]. The general procedure is listed below:
1) Dissolve desired amount of salt in minimum amount of distilled water.
Heating will increase solubility.
2) Mix in stainless steel powder.
3) On hot plate, stir mixture continuously until water evaporates. Near the
end, when a thick paste remains, place in toaster oven to complete
drying.
4) Grind dried powder with mortar and pestle.
5) Reduce powder in tube furnace in forming gas (825°C for 1 hr.).
6) Grind and sieve powder.
Approximately 12 grams of salt were used for every 100 grams of powder. This produced
an extensive, but discontinuous molybdenum coating that can be seen in Figure 4.5.
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Figure 4.5 Molybdenum-coated 420. The molybdenum coating was obtained by
reducing ammonium molybdate.
This coating process creates a purplish powder that begins to sinter at 1200°C. The
molybdenum prevents the steel particles from coming into contact with each other. The
discontinuous nature of the molybdenum coating suggested that an ammonium molybdate
solution would not be a successful binder. Unlike a continuous film, the isolated islands of
metal did not seem sufficient to bind the steel particles together. This behavior was
confirmed in the following series of tests.
When a nearly saturated ammonium molybdate solution (6.1 g/10 ml H20) was
used as a binder and fired in forming gas, to 825°C, the resulting pellets were extremely
weak. They were only slightly stronger than the surrounding powder and crumbled easily
when handled. Further tests of the same solution in moly-coated 420 powder fired at
1150°C, in forming gas, for 20 minutes did not produce any improvement. The
surrounding powder was still fairly loose, but the bound regions still had no significant
strength.
Although the ammonium molybdate solution did not work well as a binder, the
coating process may be useful in future experiments. It may permit the use of a salt or
other material that reacts at a temperature up to 1200°C. The binding reaction could occur at
this elevated temperature because the molybdenum would prevent the sintering of the
unprinted regions. In fact, significantly less ammonium molybdate could probably be used
to achieve the same result.
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4.4 - IRON AND NICKEL SALTS
In contrast to silver, it would be advantageous to have iron or nickel binding the
part together. Iron already makes up a significant portion of the skeleton. The addition of
either of these elements would probably not adversely affect the overall mechanical
properties. The challenge is to find a particular iron or nickel salt that fulfills all of the
criteria for a viable metal salt binder.
4.4.1 - NARROWING OF POTENTIAL BINDER CANDIDATES
Thermodynamic data in the form of free energy tables, Ellingham diagrams, or
computer programs such as Thermo-Calc can provide information on the favorability of
various chemical reactions. A viable metal salt binder should be reducible by hydrogen at a
temperature below 700 or 800°C. If the salt binder is printed into moly-coated powder, the
permissible reduction temperature may rise to nearly 1200°C. However, to simplify
processing, it would be more desirable to have a salt which reduces below 700-800°C.
Ellingham diagrams provide free energy information in the form of easy to read
graphs. The Ellingham diagram for oxides, for example, is a plot of the standard free
energy of formation of various oxides versus temperature [Evans, J. and De Jonghe, L.,
1991]. For a given temperature, an element low on the diagram can reduce an oxide that
lies above it. This knowledge can be used to determine which salts will be reduced by
hydrogen below a given temperature. However, these diagrams do not provide any
information on reaction kinetics. Even if a reaction is thermodynamically favorable, it will
not be useful if the reaction does not occur on a reasonable time scale. These diagrams
exist for a variety of compounds, including chlorides and sulfides. Relevant data from the
Ellingham diagrams are given in Table 4-1 below.
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Table 4-1 Hydrogen reduction temperatures for various Fe/Ni compounds
As an example of the lack of kinetic information, NiO should be reduced by hydrogen at
room temperature. However, at this temperature, this reaction is so slow that no reduction
is discernible [Evans, J. and De Jonghe, L., 1991]. Iron oxide and iron sulfide can not be
reduced by hydrogen at any temperature. This does not bode well for the use of an iron
salt binder; more complex iron salts would generally decompose to one of these simpler
compounds before reduction. Nickel sulfides also appear to be poor candidates. One
potential candidate is nickel oxide; although it is insoluble and could not be printed directly,
it could be obtained from nitrate decomposition, for example. Both iron and nickel chloride
appear to be potential candidates.
Thermo-Calc can also be used to help eliminate or identify potential binders. It is a
general, flexible thermodynamic software package that is used with several thermodynamic
databases [Sundman, 1997]. Given a specified chemical composition, the software uses
free energy data to specify the equilibrium phases that will be present at a given temperature
and pressure. This is useful for determining the reduction behavior of more complex salts.
For example, nickel plating solutions commonly use nickel sulfate (NiSO4 ) and nickel
sulfamate (Ni(SO3NH2)2) as their source of nickel. However, neither of these salts fully
reduces in hydrogen until temperatures above 1300°C. There is an intermediate reduction
to Ni3S2, which does not reduce to Ni until the higher temperature. This eliminates the
possibility of using either of these salts. Thermo-Calc shows that nickel nitrate (Ni(NO3)2)
reduces to pure nickel around 850°C. This could be a potential candidate if it was printed
into moly-coated powder. Another candidate is nickel carbonate (NiCO3), which reduces
to NiO.
Even if a salt is reducible to elemental metal at a reasonable temperature, it will not
be useful if it is not soluble in a printable solution. Nickel oxalate, for example, is soluble
in acid, which can not be printed on the 3DP machine. Table 4-2 gives a summary of the
reduction and solubility properties of various salts.
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Chemical Min. Temp. For Reduction By
Compound Hydrogen (C)
NiO 0
FeO none
Ni 3S2 1300
FeS none
NiC 2 450
FeC 2 900
FeCl 3 250
Chemical Compound Reducible in Soluble in Water?
Hydrogen below
_________ _ ~ TMAX?
AgNO 3 Y Y
Ag2CO3 Y Y, with ammonia
Ag(C104) Y Y
Ag halides -- N
FeC13 Y Y
NiCl2 Y Y
NiSO4 N Y
Ni(SO3NH2)2 N Y
Ni(NO3)2 Y Y
NiCO3 Y Y, with ammonia
NiC2042HO N
(NH4)6Mo7O24 4H2O Y Y
CuC12 Y Y
Cu(NO 3)2 Y Y
Table 4-2 Reduction and solubility characteristics of potential salt binders
4.4.2 - REACTION OF CHLORIDES
Preliminary strength tests were performed with ferric and nickel chlorides in both
uncoated and moly-coated 420 powders. Both 5 M solutions reacted strongly with the
uncoated powder. The ferric chloride corroded the powder in a gas-evolving reaction.
Before any furnace treatment, the entire sample was covered with a rusty brown powder.
The nickel chloride reacted less dramatically, although green crystals formed on the surface
of the sample. These results were not completely unexpected, as ferric chloride can be
used to etch stainless steel. This experiment emphasized one obvious constraint on a metal
salt system: it can not react with the powder when it is applied.
The reaction was less severe when the solutions were placed in the moly-coated 420
powder and fired to 1050°C, in forming gas, for twenty minutes. However, even after
firing, the printed regions had little to no strength. The chloride solutions may have had
enough time to react with the powder before reduction to prevent good binding. In general,
the reactivity of chloride solutions makes them undesirable binder materials.
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4.4.3 - WETTING TESTS
To achieve successful binding with a salt, the reduced metal must form a
continuous, adhesive film in the neck regions (see Figure 4.2). The effect of granular
metal deposits was evident in the ammonium molybdate tests. The islands of reduced
molybdenum did not provide sufficient part strength. Therefore, salts that are soluble and
reducible should then be tested for wetting characteristics. To test this, several drops of the
salt solution were placed on various substrates, including alumina, quartz, 416 stainless
steel, molybdenum, tungsten, and nickel. After drying, the substrates were fired in
forming gas above the reduction temperature.
As a control, silver nitrate was reduced at 700°C on alumina and stainless steel
substrates and it fully wet both surfaces. The contact angle was negligible and the silver
formed a continuous film. This behavior was in agreement with the excellent bonding
obtained in fired parts. Wetting tests of nickel nitrate on alumina, quartz, 416 stainless,
molybdenum, tungsten, and nickel substrates were conducted at 1150°C, in forming gas,
for one hour. The reduced material on each substrate appeared metallic and was found to
be pure nickel. The nickel wet the molybdenum, nickel, and tungsten well (thin film of
nickel with small islands of excess nickel); however, it beaded up on the alumina and
quartz. There was some wetting of the 416 stainless, but the nickel did not form a
continuous film (Figure 4.6).
Nickel 
N
Stainless Steel
Figure 4.6 Nickel nitrate reduced on 416 stainless steel, in forming gas, at 1150°C
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This indicated that it might be possible to use the nickel nitrate to bind a continuous moly-
coated stainless steel powder. However, the poor wetting of the 416 suggests that nickel
nitrate would probably not be a successful binder in uncoated stainless powder.
Tests with nickel carbonate on stainless steel shim stock showed similar mediocre
wetting properties (reduction at 1150°C in forming gas). The nickel reduced to crumbly
islands, similar to the reduced molybdenum. Similar results were also obtained when
silver carbonate was reduced on stainless steel at 700°C. Unlike with silver nitrate, the
resulting silver deposits were granular and isolated.
The reasons for the difference between the forms of reduced metal are not well
understood. It has been hypothesized that a continuous metal film can be obtained if the
reduction occurs when the salt is in a molten state. If the salt melted before reduction, it
would tend to spread out over the surface of the powder. If reduction then occurred from
this state, the resulting metal film would probably be similarly continuous. Silver nitrate,
which forms a good film, melts at 210°C (reduced at 700°C). This supports the
hypothesis. However, silver carbonate melts at 218°C and does not form a film. There
appear to be other mechanisms at work. This reduction behavior is being studied in other
research.
4.5 - ACTIVATED SINTERING OF MOLYBDENUM AND TUNGSTEN
It is a well-known fact that the sintering of metals such as Mo, W, Nb, and Ta can
be enhanced by the addition of certain transition metals, such as Ni and Pd. This
enhancement generally permits a lower sintering temperature and/or shorter sintering time.
If it was possible to print the activator, via a nickel salt for example, into steel powder
coated with the metal to be actively sintered, the entire powder bed could be fired at a
temperature low enough to bind the part while leaving the unprinted regions unaffected.
Although activated sintering also implies enhanced shrinkage, this shrinkage could be
controlled with a uniform coating thickness. The coatings would sinter to provide part
strength; this sintering, however, would be limited by the relatively small amount of
coating material present.
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4.5.1 - BACKGROUND
The activated sintering of Mo and W by Ni, Pd, and Pt is a result of lowered
activation energy for sintering [German, 1984]. A characteristic activator forms a low
melting point phase during sintering. It must also have a high solubility for the base metal,
while it is itself relatively insoluble in the base metal (Figure 4.7).
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Figure 4.7 Idealized phase diagram for activated sintering [German, 1984]
The idea is to form a segregated layer at interparticle interfaces which will provide a high
diffusivity path. The insolubility of the activator in the base ensures that the segregated
layer will not be dissolved during sintering. To provide this high diffusivity path, a full
continuous coating of activator is needed. Focusing on Mo/W and Ni, Figure 4.8 shows
that there must be at least one continuous monolayer of Ni on the surface of the powders to
achieve activated sintering.
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Figure 4.8 Sintering shrinkage for 0.6 micron W powder treated with various activators
[German, 1984]
Atomic-level mass flow to reduce surface energy is the driving force for sintering. Atoms
tend to move into neck regions and decrease the total surface area, which reduces surface
energy. The atoms generally move via diffusion processes, including bulk, surface, and
grain boundary diffusion. The energy barrier to diffusion is the activation energy; if an
atom is to move, it must first overcome this energy barrier. This is directly related to the
following equation:
N = exp(-E/kT) (4.1)
N.
where N is the number of activated atoms, No is the total number of atoms, E is the
activation energy, k is Boltzmann's constant, and T is the absolute temperature. Lowering
the activation energy and/or increasing the temperature will increase the number of activated
atoms. Diffusion occurs more rapidly when more atoms are free to move. The addition of
an activation layer provides a lower energy barrier, a path of less resistance; as a result,
sintering can occur more easily. For example, experiments have shown that the presence
of Ni in Mo or W increases the grain boundary self-diffusion coefficient by at least an order
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of magnitude [Kaysser, Hofmann-Amtenbrink, and Petzow, 1987] and consequently
enhances sintering.
By reducing the energy necessary for mass flow, it is possible to reduce the
temperature at which sintering occurs. Therefore, the printed regions will sinter at much
lower temperature than the surrounding regions. Ideally, this temperature difference would
result in enough contrast between the printed and unprinted regions to permit easy part
retrieval.
4.5.2 - PROOF OF CONCEPT TESTS
In preliminary tests, to avoid the complexities of moly-coated steel powder and the
reduction of a nickel salt, Mo and W powders were coated with electroless nickel. This
was simply done to test the mechanism of Ni-activated sintering. Three different powders
were each coated with two to three microns of electroless nickel:
1) 5 micron W
2) -325 mesh W
3) -325 mesh Mo (spherical agglomerates)
Each of these powders was placed in a small crucible and was fired to 1100°C, in forming
gas, for one hour. Control boats of the same powders, uncoated, were also fired. The
coated samples sintered significantly, with visible shrinkage of -10%. They did not break
down at all under sonication and could be handled without damage. The control samples
were all slightly stuck together, but disintegrated within a few seconds of sonication. The
presence of the electroless-nickel coating greatly enhanced the sintering of these powders
(Figure 4.9).
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Figure 4.9 Evidence of Ni-activated sintering in -325 Mo coated with electroless nickel.
Sintering was performed at 1000°C, in forming gas, for one hour.
The sintering of the Mo is evident in the coalescence of the original Ni-coated
agglomerates. The uncoated powders, after firing, closely resembled the unfired Ni-coated
agglomerates. There was little evidence of sintering in the uncoated powders.
After demonstrating the concept of activated sintering with a continuous electroless-
Ni coating, other tests were conducted to determine if the activating behavior could also be
achieved with a nickel salt serving as the source of nickel. These tests were conducted
using the same Mo and W powders that were used in the electroless coating experiments.
Previous research reported successful activated sintering of Mo by nickel nitrate [Buta,
1962]. In these experiments, Mo powder was coated with nickel nitrate in a procedure
similar to the one previously described for ammonium molybdate. The powder was mixed
with an aqueous nickel nitrate solution, dried, and reduced in hydrogen at 800°C. More
than 10% shrinkage was attained at a sintering temperature of 1100°C. Buta's experimental
results revealed that at least 0.25 wt. % Ni was necessary to obtain the full, continuous
monolayer necessary for activated sintering.
Using Buta's results as a guideline, samples of Mo and W cast with nickel nitrate
were prepared. A nickel nitrate solution (10 g/10 ml H20) was dropped into -325 Mo and
5 micron W powder beds. The solution concentration corresponded to about 1 wt. % Ni.
These samples were fired to 1100°C, in forming gas, for one hour. Both samples exhibited
similar behavior. The printed regions were much stronger than the unprinted regions;
however, the resulting pellets were easily damaged by a stiff brush. The smaller W
powder produced stronger pellets that survived sonication. The Mo pellets seemed to
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slowly, but steadily, break down when sonicated. In both cases, the cast pellets were not
as strong as the electroless-Ni coated samples. The level of activation in the nickel nitrate
case was presumably hindered by the absence of a fully continuous layer of nickel. During
drying, the nickel nitrate would tend to concentrate in the neck regions, which would be the
last to dry. Therefore, the concentration of nickel would not be uniform over the surface of
the powder. Buta's success with nickel nitrate probably resulted from fully mixing the
powder with the salt solution, instead of applying the solution locally. Stirring during
drying and subsequent grinding would provide a more uniform distribution of salt.
4.5.3 - SHRINKAGE TEST/TEST IN MO-COATED 420
A shrinkage test was done on nickel nitrate (10 g/10 ml H20) in -325 Mo. The
samples were fired to 1150°C, in forming gas, for one hour. The average resulting
shrinkage was nearly eight percent. If there was a technique available to provide a thin,
uniform coating of Mo on steel powder, shrinkage could be limited by the thickness of the
coating. Even if the Mo sintering was activated by Ni, the shrinkage would be bounded by
the shrinkage associated with the full sintering of the thin Mo layer.
Unfortunately, there is currently no procedure available to attain such a coating.
The available Mo coating procedure produces a grainy coating, such as the one previously
shown in Figure 4.5. The discontinuity of this coating, coupled with the nonuniformity of
the nickel coating derived from nickel nitrate (10 g/10 ml H20), resulted in poor bonding
between particles (fired at 1150°C, in forming gas, for 30 minutes). The fragile nature of
the bonding is visible in Figure 4.10.
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Figure 4.10 Nickel nitrate (10 g/10 ml H20) fired, in forming gas, at 1150°C in
molybdenum-coated 420. The interparticle bonds were very weak.
The printed regions were only slightly stronger than the surrounding powder and they were
easily damaged with a stiff brush. To achieve the bonding necessary for part binding,
continuous coatings of both Mo and Ni would be needed.
4.6 - SUMMARY
The key obstacle to using a metal salt as a reactive binder appears to be finding a
salt which will reduce to a continuous, adherent film. Of course, this salt must still be
soluble and reducible in hydrogen below TMAX. Assuming that a salt possesses these
properties, if it reduces to discrete islands of metal, it will not provide enough strength to
bind a part. Silver nitrate was the only salt studied that formed a good film on stainless
steel. The parts produced with the silver nitrate binder were quite sturdy and shrank
minimally during binding (<0.1%). However, printing silver nitrate poses several health
risks. Brief contact with the skin can cause burns and inhalation would be extremely
dangerous. In addition, an infiltrant that does not require the use of a fluxing agent has not
been found. If safety precautions were taken during printing and an adequate infiltrant was
found, a silver nitrate binder might be useful for producing short-run tooling with high
dimensional accuracy.
Another potentially viable metal salt system is nickel nitrate printed into moly-coated
powder. If the powder was coated with a continuous molybdenum film, the nickel might
provide enough sintering activation to create a useful part. Unfortunately, a technique for
creating the molybdenum coating is not currently known.
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Further study, involving the use of thermodynamic tools and knowledge of
chemical properties, needs to be done to determine if there are other metal salts with
desirable reduction, solubility, and film formation properties.
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5. CHAPTER FIVE: DIRECT PRINTING OF SMALL PARTICLES
5.1 - BACKGROUND
The third major category of potentially useful reactive binders involves the direct
printing of small particles. To bind steel powder, the binder particulates may be either pure
metal or metal carbides. These particles would be directly printed through nozzles into the
powder bed.
The driving force for sintering is highly dependent upon the size of the particles
[German, 1984]. As mentioned in section 4.5.1, the driving force for sintering is a
reduction in surface energy. Because surface energy per unit volume increases as the
particle diameter decreases, finer particle sizes increase this driving force. This behavior
can also be seen in the equation for neck growth, which assumes monosized spheres
initially in point contact:
(X/R)n = BtIRm (5.1)
t is the isothermal sintering time, B is a collection of material and geometric constants that
contains a thermally activated term (exponential dependence on -1/7), n is the mechanism
characteristic exponent, and m is the particle size dependence. n, m, and B are functions of
the relevant mass transport mechanism. X and R are the neck and particle radii, as shown
in Figure 5.1.
pE) 2/2R
Figure 5.1 The sintering profile for two spherical particles with neck radius X. The
sphere radii are R and the circular profile of the neck has a radius of p [German, 1984].
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Equation 5.1 shows a significant dependence of sintering kinetics with particle size. Finer
particles sizes result in more rapid sintering, since an equivalent amount of neck growth
will occur in a much shorter amount of time. Conversely, in a fixed amount of time, a
given amount of sintering will occur at much lower temperatures when finer particles are
used.
Theoretically, it should be possible to use this dependence of sintering on particle
size to form a viable binder system. Sub-micron or micron-sized particles would sinter at a
lower temperature than the larger stainless steel particles (-60 microns). When directly
printed into the powder bed as a binder, these fine particles would sinter to each other and
to the larger steel particles, at a temperature below TMAx, to form the interparticle bonds in
the skeleton. The larger stainless steel particles themselves would not sinter at this
temperature, thereby permitting easy part retrieval. Although there would be some
shrinkage associated with the sintering of the binder material, it may not be significant if
small amounts of binder are used. If the shrinkage is significant, it may be possible to
introduce other materials specifically to restrict the motion of the stainless steel particles.
In order to successfully print these particles on the 3DP machine, a stable
suspension must be made that will not clog a 45 micron nozzle. In general, this limits the
particle size to the order of one micron, although even smaller sizes would be preferable.
5.2 - CARBONYL IRON
Carbonyl iron is an extremely pure, nearly spherical, fine powder that is produced
via decomposition of iron pentacarbonyl vapor. This process can produce powder that is
less than ten microns in diameter. Carbonyl iron powder is often used in magnetic cores
and electronic components, carbide and diamond cutting tools, as well as for various
powder metallurgy applications [Antonsen, D., 1984]. The powder used in these
experiments, Carbonyl Iron HQ, was obtained from BASF. This powder has a mean
particle size of 1.7 microns and is greater than 97 wt. % iron. The impurities include traces
of carbon, oxygen, and nitrogen. Figure 5.2 shows an SEM micrograph of this powder.
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Figure 5.2 BASF Carbonyl Iron HQ powder
Some preliminary tests were done using MICROPOWDER Iron Grade S-3700 from ISP.
This carbonyl iron powder was slightly larger than the BASF powder, 2.74 micron avg.,
although the powders behaved similarly. Since smaller particle sizes were desired, the ISP
powder was eventually put aside in favor of the BASF powder.
5.2.1 - BACKGROUND
Carbonyl iron powders possess many characteristics that make them favorable for
use in powder metallurgy processes, such as metal injection molding. Their high purity,
nearly spherical shape, and small particle size are useful in the production of complex parts
that can be sintered almost to full density [Lin, S.T. and German, R.M., 1990]. These
properties also result in rapid solid-state reactions with other metals; these reactions can be
used to create various iron alloys [Poster, A. and Hausner, H., 1966].
Regarding its use as a binder, the most interesting property of carbonyl iron is its
rapid sinterability; carbonyl iron sinters more rapidly and at much lower temperatures than
other iron powders. Experiments have shown that carbonyl iron sinters much more
extensively than reduced, atomized, or electrolytic iron powders. From Figure 5.3, it is
evident that below the alpha-gamma phase transformation temperature (-880°C), carbonyl
iron densities the most. However, as the temperature continues to increase, the other
powders also begin to show significant densification.
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Figure 5.3 Density changes of loose iron powders of various origins and particle size
distribution when annealed 24 hr. in hydrogen at temperatures up to 1400°C [Schlecht et
al., 1931]. Carbonyl iron sinters to a much greater extent than the other iron powders at
temperatures below 800°C.
There are many reasons for the differences in sintering behavior. First of all, the carbonyl
iron powder tends to be smaller than the other iron powders. As discussed in section 5.1,
smaller particles have a larger driving force for sintering. Secondly, the spherical shape of
the carbonyl iron powder also seems to aid sintering. Other experiments done by Schlecht
et al. tested the sintering behavior of angular carbonyl iron powder, which had been made
by pulverizing the original spherical particles. The angular powder, which was sintered
just below the alpha-gamma transformation temperature, did not densify as rapidly as the
spherical powder [Schlecht et al., 1931]. Furthermore, the high purity of the carbonyl iron
powder also aids the densification. Experiments comparing the sintering of carbonyl and
atomized iron powder compacts revealed nearly three to ten times more shrinkage in the
carbonyl samples [Lenel et al., 1974]. Examination of the fracture surfaces of these
samples revealed intergranular fracture in the atomized compacts and transgranular fracture
in the carbonyl compacts. Further study of the fracture surfaces revealed the presence of
oxide impurity particles at the grain boundaries of the atomized samples. Other studies
have shown that the presence of such particles may inhibit sintering. Consequently, the
high purity of carbonyl iron powder may allow it to sinter more rapidly.
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A useful metal particle binder needs to sinter at a temperature below TMAX. For
carbonyl iron, this reaction temperature falls in the alpha phase region. Again, referring to
Figure 5.3, the carbonyl iron sinters much more extensively than the other iron powders in
this region. This is extremely important. Carbonyl iron will sinter to form the necessary
interparticle bonds at a temperature below TMAX, while other iron powders will not, even if
they are of comparable size. It is interesting to note that sintering carbonyl iron in the alpha
region will actually result in higher densities than sintering in the gamma range [Poster, A.
and Hausner, H., 1966]. In the alpha range, densification seems to occur via migration of
vacancies to grain boundaries, where the vacancies are eliminated. The transformation
from alpha to gamma results in grain growth, which tends to trap pores within grains and
reduces the chance that they can be eliminated at grain boundaries.
5.2.2 - PRELIMINARY TESTS
Before the task of dispersing the carbonyl iron powder was tackled, preliminary
tests were conducted to justify any such attempts. The manufacturer claimed that the
carbonyl iron powder would sinter at only a few hundred degrees Celsius. However,
when several grams of the pure carbonyl iron powder (ISP) were fired in forming gas up to
400°C for thirty minutes, the resulting sample was extremely fragile and disintegrated
within a few seconds of sonication. When this same experiment was repeated at 600°C, the
carbonyl iron sintered significantly and did not break down under sonication. The
shrinkage was not measured, but it was visible to the naked eye. Although these results
were not as good as those claimed by the manufacturer, 600°C is still well below TmAx.
Several preliminary strength tests were conducted on samples containing carbonyl
iron dry-mixed with stainless steel powder. 16.5 grams of 420 were mixed, by hand, with
3.3 grams of carbonyl iron (ISP) to form one sample containing 16.7 weight percent
carbonyl iron. The sample that was fired to 400°C for thirty minutes could not even be
removed from the crucible without crumbling. The sample that was fired to 600°C for
thirty minutes survived several minutes of sonication, although there was some evidence of
part breakdown. This was probably due to the inhomogeneous distribution of carbonyl
iron throughout the part. It would be extremely difficult to print the solids loading needed
to achieve this end result (16.7 wt. % carbonyl iron). However, these results show that it
may indeed be possible to use carbonyl iron as a binder. The homogeneous distribution
that would be obtained with a wet application of the carbonyl iron would probably reduce
the amount required for sufficient binding.
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5.2.3 - DISPERSION TESTS/SETTLING EXPERIMENTS
The first attempt at dispersion involved the use of Ivory hand soap as a dispersant.
The carbonyl iron (ISP) was mixed with deionized water and about five wt. % soap.
Three, five, and seven vol. % dispersions were created, but none of them would stay
dispersed for more than a few minutes without continual agitation. When applied to the
420 powder bed, the dispersions were not easily absorbed and some carbonyl iron powder
was visible sitting on the surface. The samples were fired at 700°C for thirty minutes and
then sonicated. The loose powder was easily removed, but the bound regions were fairly
weak. Prolonged sonication would destroy them. This was not a successful method of
dispersion; the amount of carbonyl iron that went into the powder was insufficient to
determine the viability of the binder system.
MultiTherm 503 heat transfer oil with an oil additive dispersant, OLOA 1200, was
then tried. MultiTherm was mixed with 1.5 dry weight percent (dwp) OLOA 1200. The
carbonyl powder (ISP) was slowly added to form a five vol. % carbonyl iron solution.
This solution was ball milled with stainless steel milling media for 40 hours. When the
solution was taken off the mill, it was evident that the powder had undergone a reaction.
The fluid had turned from a yellowish to a reddish-brown color. Attempts to eyedrop the
solution into 420 powder also revealed a filtering effect; however, it was not as severe as
the one observed with the soap dispersion. In order to obtain a finer cut of the carbonyl
powder, settling experiments were conducted with this MultiTherm/OLOA dispersion.
Stokes' Law governs the behavior of particles falling out of solution:
980.7 * D2(p - p (5.2)
18#o
The terminal velocity of the falling particles, Vf (cm/s), is a function of the particle diameter
D (cm), particle density p (g/cm3 ), fluid density po (g/cm3), and the fluid viscosity to
(poise). Therefore, the larger particles will fall out of solution faster than the smaller ones.
Selected theoretical terminal velocities for carbonyl iron in MultiTherm are given in
Table 5-1.
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Diameter (microns) Terminal Velocity (cm/s)
1.0 5.48e-5
1.5 1.23e-4
2.0 2.19e-4
2.5 3.42e-4
5.0 1.37e-3
10.0 5.48e-3
Table 5-1 Theoretical terminal velocities for carbonyl iron particles settling out of
MultiTherm. p=7.73 g/cm3, po(@21°C)=0.792 g/cm3, Mo(@2 1°C)=6 .9 cp.
By putting the dispersed solution into a graduated cylinder and waiting for a certain amount
of time, it should be possible to separate the particles and then decant off the fines.
However, when this procedure was tried with the MultiTherm/OLOA dispersion, nearly all
of the particles settled together. The settling velocity corresponded to a mean particle size
of about eight microns. Very few particles were left in the decanted solution. The
separation process was unsuccessful, mainly because the particles were not well-dispersed
in the starting solution.
In the final dispersion experiment, the smaller BASF carbonyl iron was used. This
powder was mixed with deionized water and two dwp Darvan C as a dispersant. One and
five vol. % carbonyl iron solutions were mixed by hand and then ball-milled with stainless
steel milling media for 48 hours. There was a noticeable reaction between the carbonyl iron
and the water after about 24 hours. The water became rust-colored. However, after
milling, settling tests revealed an average particle size of two to three microns. Since this
corresponded to the average particle size of the powder, the dispersion seemed to be
successful. Horiba particle size analysis on the five vol. % solution also confirmed these
results (mean diameter=-1.9 microns). This dispersion was not stable, however. Left
alone, the dispersion would settle out completely. It was encouraging to note that there
was no evidence of a filtering effect when the dispersion, right after being taken off the
mill, was eyedropped into a powder bed. In fact, without any milling at all, the dispersion
was still good enough to go into the powder bed without any filtering effect. Settling
experiments on dispersions that were only hand-agitated revealed an average particle size
comparable to that of the milled solution.
Although the use of Darvan C as a dispersant seemed to give an acceptable
dispersion that would go into the powder bed, this system could not be used on the 3DP
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machine unless it was continually agitated. In addition, a technique to prevent the reaction
of the carbonyl iron with water would be necessary for carbonyl iron to be a truly viable
system. For the following experiments, distilled water/Darvan C dispersions were used
immediately after agitation to study the behavior of the carbonyl iron binder. In order to
avoid rusting reactions, time was not taken to mill the dispersions.
5.2.4 - STRENGTH TEST RESULTS
Even though the dispersion quality was not adequate, preliminary strength tests
with the five vol. % carbonyl iron MultiTherm/OLOA dispersed solutions still showed
encouraging results. When fired to 650°C,in forming gas, for thirty minutes, the samples
showed significantly more strength than the surrounding powder and they did not
disintegrate in the sonicator. The SEM micrographs in Figure 5.4 reveal highly desirable
behavior; the carbonyl iron particles seem to be concentrated in the neck regions, where
they sinter to each other and to the larger steel particles to form the interparticle bonds.
Figure 5.4 Fracture surface of ISP carbonyl iron-bound 420 powder (800X) and
(3000X). The carbonyl iron was deposited in a five vol. % carbonyl iron
MultiTherm/OLOA dispersed solution. The sample was fired to 650°C for 30 minutes in a
forming gas atmosphere. The carbonyl iron particles tended to collect in the neck regions
and sintered to form bonds between the larger steel particles.
In contrast, a control sample containing only MultiTherm had no binding strength.
Considering the filtering that occurred during binder application, it is likely that an
improved dispersion would permit the use of a lower loading of carbonyl iron in the
binder.
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Preliminary strength tests with the improved water/Darvan C dispersion showed
sufficient part strengths at solution concentrations down to 1.5 vol. % carbonyl iron. This
corresponds to approximately one weight percent carbonyl iron in the final part. Tests
were conducted using 0.15, 0.38, 0.75, 1, 1.5, and 5 vol. % carbonyl iron solutions. (In
these tests, and all subsequent carbonyl iron experiments, 44-105 micron 316L powder
was used. The wetting properties of the 420 powder varied from lot to lot; in some cases,
the binder materials would not wet the powder at all.) These samples were fired to 700°C
for one hour. Below one vol. %, the samples were extremely fragile and broke down
rapidly when sonicated. The 1, 1.5, and 5 vol. % samples were all sufficiently strong;
each withstood several minutes of sonication. As in previous strength tests, the tops of the
samples were stronger than the bottoms. In fact, the top surfaces were not damaged when
scratched with a fingernail. Figure 5.5 shows SEM micrographs of the one vol. %
carbonyl iron sample.
Figure 5.5 Fracture surface of BASF carbonyl iron-bound 316L powder (2kX) and
(10kX). The carbonyl iron was deposited in a one vol. % carbonyl iron water/Darvan C
dispersed solution. The sample was fired to 700°C for one hour in a forming gas
atmosphere. Note that the carbonyl iron particles are sintered to each other and to the larger
steel particles.
From the higher magnification image, one can clearly see how the carbonyl iron particles
are sintering together to bind the larger stainless steel particles. Control samples bound and
fired only with water and Darvan C did possess some strength, but could not even be
removed from the surrounding powder without damage.
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5.2.5 - SHRINKAGE TEST RESULTS
Shrinkage tests were conducted with the 1.5 vol. % carbonyl iron water/Darvan C
dispersion. The shrinkage in the binding stage (700°C for one hour) was 0.0 +/- 0.1%.
This was extremely encouraging. Unfortunately, subsequent infiltration simulation tests
resulted in very large amounts of shrinkage ( 1.4%). The light sintering in the binding
stage was enough to provide sufficient strength with negligible shrinkage. However,
further heating to the infiltration temperature (1100°C) resulted in extensive sintering and
shrinkage of the carbonyl iron in the neck regions (see Figure 5.6).
Figure 5.6 Fracture surface of BASF carbonyl iron-bound 316L fired to 1100°C for one
hour (600X). The carbonyl iron sinters extensively at this temperature.
After being fired at 1100°C, the carbonyl iron sintered so extensively that the shapes of the
original particles were no longer visible. This extensive sintering tended to pull the larger
stainless steel particles together as the carbonyl iron powder densified. If this system is to
be used successfully, a technique must be developed to reduce the shrinkage at the higher
temperature.
5.2.6 - IRON CARBONYL/TiC CO-DISPERSIONS
It may be possible to restrict the motion of the steel particles as the carbonyl iron
sinters by introducing inert secondary particles. These secondary particles would simply
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act as motion stops, preventing the carbonyl iron from pulling the steel particles together.
This mechanism is illustrated in Figure 5.7.
Stainless Steel
Powder Particles
Inert Secondary Particles
Figure 5.7 Secondary particles act to reduce shrinkage in carbonyl iron-bound parts. In
the figure on the left, as the carbonyl iron sinters, the steel particles can move together.
This leads to part shrinkage. In the figure on the right, inert particles mixed with the
carbonyl iron powder prevent center-to-center motion of the steel particles.
These secondary particles could be printed in a co-dispersion with the carbonyl iron. One
potential candidate is titanium carbide (TiC), which is currently being investigated in other
3DP research. TiC is relatively inert and does not begin to sinter until -1500°C. The
equilibrium phases of a 95 wt. % 316L/5 wt. % TiC mixture are shown in Figure 5.8.
These phases were calculated with Thermo-Calc software. As mentioned in section 4.4.1,
given an initial chemical composition and pressure, Thermo-Calc can be used to determine
the amounts of equilibrium phases that will be present at any given temperature.
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Figure 5.8 Thermo-Calc plot of equilibrium phases of a 95 wt. % 316L/5 wt. % TiC
mixture. The vertical axis of the plot shows the number of moles of each phase present at a
given temperature. TiC is represented by phase #2. At these temperatures, TiC does not
react significantly with the 316L.
TiC is represented in the figure by phase #2. In the temperature range considered here, it
does not react significantly with the other phases. Consequently, the TiC particles should
simply serve as motion stops without reacting chemically with the 316L.
For the carbonyl iron/TiC co-dispersion experiments, 620 grade TiC from
Kennametal was used. These particles had an average particle size of 2.64 microns. In a
preliminary test, a ten vol. % TiC solution was applied after a 1.5 vol. % carbonyl iron
solution had been applied and dried. This TiC solution did not go into the powder bed
easily. After firing at 700°C for one hour, the resulting sample was sonicated. During
sonication, a large portion of the TiC was released from the part. However, the TiC that
remained in the part did serve to reduce the shrinkage. Again, there was negligible
shrinkage in the binding stage (700°C). In the infiltration simulation stage (1100°C),
however, the shrinkage was reduced from 1.4% to 0.18% when the TiC was added. The
SEM micrographs in Figure 5.9 show the contrast between the parts printed with and
without TiC.
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without TiC with TiC
Figure 5.9 Comparison of the fracture surfaces of carbonyl-iron bound parts, with and
without TiC. Both parts were initially fired to 700°C in forming gas for one hour, removed
from the powder bed, and then refired to 1100°C in forming gas for one hour to simulate an
infiltration heating cycle. The TiC particles are embedded within the sintered carbonyl iron,
thereby preventing the steel particles from being pulled together.
While the carbonyl iron particles have completely sintered in both cases, it is possible to see
the unreacted TiC particles in the second photograph. They are embedded in the sintered
carbonyl iron, but they are keeping the steel particles from being pulled together. The
addition of the TiC has indeed reduced the shrinkage; in fact, a much smaller concentration
of TiC could probably be used to obtain the same effect. The key questions are listed
below:
1. What is the minimum amount of TiC needed to stop the shrinkage?
2. What is the minimum amount of carbonyl iron needed to successfully
bind the part and trap the added TiC?
Several co-dispersions were created and tested to determine the answers to these questions.
The compositions of the first four co-dispersions tested are listed in Table 5-2.
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Table 5-2 Composition of experimental carbonyl iron/TiC co-dispersions (I)
These co-dispersions were created by adding the necessary amounts of distilled water,
Darvan C (2 dwp), and carbonyl iron to a ten vol. % TiC solution and simply agitating the
mixture by hand. The TiC solution itself had been ball-milled and dispersed with 2 dwp
Darvan C. Preliminary strength tests on samples created with these dispersions (@700°C,
in forming gas, for one hour) revealed insufficient strength in every case but the third (7.9
vol. % carbonyl iron/1.5 vol. % TiC). In the unsuccessful cases, the samples did have
some strength but sonication resulted in the release of a large black cloud of TiC.
Dispersion 3 resulted in parts with sufficient strength and a minimal release of TiC.
Using this information as a starting point, a new set of experiments was conducted.
The previous test seemed to indicate that a carbonyl iron to TiC ratio of at least 5.4
(7.9/1.5) was necessary to keep the added TiC in the part during part retrieval. Previous
experiments also suggested that at least one vol. % carbonyl iron was needed to provide
sufficient part strength. Therefore, shrinkage tests were then conducted with the
dispersions listed in Table 5-3.
Table 5-3 Composition of experimental carbonyl iron/TiC co-dispersions (II)
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Vol. % Carbonyl Iron Vol. % TiC
1 1.5 1.5
2 1.5 7.9
3 7.9 1.5
4 7.9 7.9
Vol. % Vol. % Ratio of Carbonyl
Carbonyl Iron TiC Iron to TiC
1 1.5 0.00
2 1.5 0.50 3:1
3 3.0 0.50 6:1
4 1.5 0.25 6:1
5 7.9 1.00 8:1
6 7.9 0.25 32:1
Measurements of shrinkage during the binding (700°C, in forming gas, for one hour) and
infiltration simulation stages (1100°C, in forming gas, for one hour) gave the results listed
in Table 5-4.
Table 5-4 Shrinkage results for dispersions listed in Table 5-3. Samples bound at 700°C
for one hour and refired at 1100°C for one hour. Both furnace runs were conducted in a
forming gas atmosphere. Increased amounts of carbonyl iron increased the shrinkage,
while increased amounts of TiC reduced the shrinkage.
Several trends emerged from these results. Increased amounts of carbonyl iron increased
the shrinkage while increased amounts of TiC reduced the shrinkage. However, increasing
the amount of TiC in order to further reduce shrinkage seems to require an increased
amount of carbonyl iron to hold the TiC in the part. The minimum permissible ratio of
carbonyl iron to TiC is approximately 6:1. Increasing the amount of carbonyl iron, for a
fixed amount of TiC, probably results in more shrinkage because the enveloping regions of
carbonyl iron can shrink more before being constrained by the TiC.
The minimum amount of shrinkage, in parts where the TiC was successfully
retained, was obtained with the 1.5 vol. % carbonyl iron/0.25 vol. % TiC co-dispersion. It
was rather surprising to see that only 0.25 vol. % TiC was sufficient to limit the shrinkage.
In the SEM micrograph of this sample, Figure 5.10, it is very difficult to even discern the
presence of the TiC particles. However, Thermo-Calc calculations predict that, even with
such a small amount of TiC, there will be no significant reaction between the 316L and the
TiC at this temperature.
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% Shrinkage at 700°C % Shrinkage between 700°C and 1100°C
T -0.05 -1.48
2 0.00 -0.30
3 0.00 -0.33
4 -0.10 -0.38
5 -0.19 -0.60
6 -0.32 -0.88
Figure 5.10 1.5 vol. % carbonyl iron/0.25 vol. % TiC bound 316L sample fired to
700°C, in forming gas, for one hour (8kX).
The 0.33% shrinkage with the best co-dispersion was a great improvement over the
1.4% shrinkage obtained with the pure carbonyl iron dispersion. It is hoped that a similar
improvement in the variance would also be obtained.
5.2.7 - PRINTING OF CARBONYL IRON/TiC CO-DISPERSIONS
Success with cast samples led to an attempt to print carbonyl iron/TiC parts.
Because the particles in the the binder were not truly dispersed, a method of recirculating
the fluid to keep the particles from completely settling was developed. In this system, a
peristaltic pump was combined with the standard pressure tank in order to cycle the material
faster than it could settle (Figure 5.11).
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Figure 5.11 Binder recirculation system
The settling material was pumped from the bottom of the bag and returned to the top. An
inline filter was placed on the suction side of the pump to catch any large particulates or
agglomerates. This filter was a 20, 30, or 47 micron nylon mesh (the smallest mesh size
that would permit easy pumping was used and this varied from run to run) that was agitated
via attachment to the drive mechanism of an orbital hand sander. The binder was initially
introduced to the system through another ten micron nylon mesh filter. The line which fed
the nozzle was attached to a T-fitting on the pump side of the pump. With a limited amount
of binder (-100 ml) and a fairly high pump speed (MasterFlex QuickLoad pump speed
between 6 and 8), it was possible to recirculate the material for extended periods of time.
Preliminary jetting tests with 1.5 vol. % carbonyl iron/0.25 vol. % TiC showed a
correlation between the tubing diameter and nozzle diameter necessary to achieve successful
jetting. Smaller tubing permitted jetting through smaller nozzles. For example, it was
possible to jet from an inverted syringe through a 20 mil ID line and a 127 micron nozzle.
Attempts to jet through the same line and a 70 micron nozzle were unsuccessful (clogged
after -30 s). When the 70 micron nozzle was attached to a 10 mil ID line, however,
indefinite jetting was again achieved. This suggested that successful jetting would be
possible as long as the flow rate was high enough to keep the particles from settling out in
the lines. Smaller nozzles would require thinner lines to keep the flow rate elevated. In
addition, due to the need to keep the flow rate elevated, extreme caution must be taken
when connecting tubes with different diameters. Transitions between larger and smaller
diameter tubes result in flow rate changes that create sites where particles will tend to settle
and clog the line. These transitions should be avoided whenever possible.
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In further testing, a jet was sustained for over 30 minutes with the recirculation
system, 70 micron nozzle, and over four feet of 12 mil ID line. However, another problem
became evident during this testing. The simple act of recirculation caused severe corrosion
of the carbonyl iron. The corrosion left substantial residue in the lines; particles of this
residue might occasionally break free and clog the nozzle. In addition, as the particles
corroded, they became more difficult to redisperse if any settling did occur. To prevent this
corrosion from occurring, a small amount of benzoic acid (0.Sg/1l) was added to the binder
to act as a rust inhibitor. (An equivalent amount of sodium nitrite could also be used as a
rust inhibitor). While this improved jetting by stopping the rusting during recirculation, the
process of jetting still resulted in significant corrosion. During jetting, large amounts of
binder surface area are exposed to the air, increasing the oxygen content of the binder. As
a result, for the purposes of this research, "one-way jetting" was implemented. In "one-
way jetting", the binder is discarded once it has been jetted. Although this would not be
acceptable in a large scale operation, it was sufficient to create simple test parts.
Attempts to jet this material on the alpha machine revealed another significant
problem. The peristaltic pump frequency coupled into the jet, causing visible fluctuations
in the stream that prevented it from reaching a steady state. In addition, variations in flow
rate made binder droplet breakoff extremely inconsistent and deflection nearly impossible.
Therefore, to produce test bars, a mask was used (Figure 5.12). The use of the mask did
not require breakoff or deflection.
Nozzle
Powder Bed
Figure 5.12 Mask set-up for alpha machine printing of 1.5 vol. % carbonyl iron /0.25
vol. % TiC test bars
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The 3/8 x 3/8 x 1.5, 3, and 5 inch bars were printed with the parameters listed in Table 5-5.
Table 5-5 Printing parameters for 1.5 vol. % carbonyl iron/0.25 vol. % TiC test bars
The parts were printed directly on alumina substrates and allowed to air dry overnight. In
the green state, they were extremely fragile; in fact, they were much weaker than previously
cast samples in the green state. Other attempts to print bars with drying between layers
produced bars that had almost no green strength at all. Although printing without drying
produced stronger green parts, the parts were still very weak. In a real reactive binder
process, green strength is not important because the entire powder bed will be fired to give
the part strength. However, in order to make shrinkage measurements, markers had to be
placed in the bars in the green state without damaging them. This procedure required some
green strength. Small four mil silicon carbide wires were used as shrinkage markers.
After being pushed into the parts like the pins used in previous shrinkage tests, they were
"cemented" in place with a few extra drops of binder.
The bars were fired, in the powder bed, in forming gas at 700°C for one hour. No
extra powder was added, so the tops of the parts remained uncovered during firing. In
each case, the bars actually expanded slightly (-0.1%). This was probably due to slight
oxidation of the part surface. After binding, the surrounding powder was easily removed
with a soft brush. The parts themselves, however, were still fairly weak. Again, they
were much weaker than comparably processed cast samples. Firing at the infiltration
simulation temperature (1 100°C), in forming gas, for one hour resulted in 0.44%
shrinkage. This was comparable to the 0.38% observed in the cast samples. The slight
increase in the shrinkage of the printed bars is probably due to the reduction of the oxides
that formed during the binding stage. Note that both furnace runs were performed in the
low-temperature MRF furnace with a flow rate of -30 SCFH. A photograph of one of the
test bars is given in Figure 5.13.
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Powder Type -170/+325 316L
Layer Spacing 250 microns
Row Spacing 250 microns
Fast Axis Speed 1.3 m/s
Flow Rate -2 cc/min
Calculated Saturation 103%
Drying Between Layers? No
- -
Figure 5.13 Five inch long 316L test bar printed with 1.5 vol. % carbonyl iron/0.25
vol. % TiC (before filtering). The bar was bound at 700°C, in forming gas, for one hour.
It was then fired to 1100°C, in forming gas, for one hour. Stagger of adjacent layers is due
to jet wander during printing.
The difference between the bound strength of the cast and printed parts may have
been the result of several different factors. First of all, the filtering process that was
necessary for jetting may have removed a critical amount of material. In addition, the SEM
micrograph in Figure 5.14 shows a fairly uniform distribution of carbonyl iron over the
surface of the steel particles. There seems to be less material concentrated in the neck
regions.
Figure 5.14 Fracture surface of sample printed with 1.5 vol. % carbonyl iron/0.25 vol.
% TiC (before filtering) in 316L. The sample was fired, in forming gas, at 700°C for one
hour.
Finally, it may also be possible that the severe oxidation that occurred during the act of
jetting inhibited the sintering of the carbonyl iron.
Refiring one of these bars to 775°C, in forming gas, for one hour, did not increase
the part strength appreciably. The surrounding powder, however, was much stronger. It
83
::··:"i:·-3au·:
was impossible to remove the part from the surrounding powder without severely
damaging it. Sonication dissolved the part, along with the unprinted regions.
5.2.8 - INFILTRATION OF PARTS PRINTED WITH CARBONYL
IRON/TiC CO-DISPERSIONS
Infiltration experiments were conducted on the 3/8" x 3/8" x 1.5 and 3 inch bars
that were printed on the alpha machine. The 1.5 inch long bar was successfully infiltrated
with Grade 150P bronze from ACUPOWDER International according to the following
furnace schedule:
1) 10°C/min to 1110°C in pure hydrogen (BOC Grade 4.7)
2) hold at 1110°C for one hour (halfway into the hold, pull vacuum for five
minutes. After hold, run furnace in 95% Ar/5% H2)
3) 1 °C/rmin to 980°C
4) hold at 980°C for 0.1 minutes
5) 21 °C/min to room temperature
This bar was infiltrated without stilts (Figure 5.15). There was minimal visible erosion.
Figure 5.15 Bronze-infiltrated 1.5 vol. % carbonyl iron/0.25 vol. % TiC 316L test bar.
The part was printed on the alpha machine and was initially fired at 700°C, in forming gas,
for one hour. It was then fired to 1100°C, in forming gas, for one hour for the shrinkage
test. After these two treatments, the part was infiltrated at 1110°C, in hydrogen and then
forming gas, for one hour.
Two 80 mil holes were drilled into the bar prior to infiltration to measure the dimensional
change. During the infiltration process, the part expanded 0.56%. Because the drilled
holes themselves were partially filled during the infiltration, this value should not be
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considered highly accurate. A small amount of porosity is evident in the cross-section of
the infiltrated part (Figure 5.16).
Figure 5.16 Cross-section of bronze-infiltrated 1.5 vol. % carbonyl iron/0.25 vol. %
TiC 316L test bar. The part was printed on the alpha machine and was initially fired at
700°C, in forming gas, for one hour. It was then fired to 1100°C, in forming gas, for one
hour for the shrinkage test. After these two treatments, the part was infiltrated at 1110°C,
in hydrogen and then forming gas, for one hour.
The three inch bar was infiltrated with Grade 150P bronze from ACUPOWDER
International, in forming gas, at 1100°C for one hour. The part was supported on two
stilts, but slumped severely during the infiltration treatment (Figure 5.17).
Figure 5.17 Bronze-infiltrated 1.5 vol. % carbonyl iron/0.25 vol. % TiC 316L test bar.
The part was printed on the alpha machine and was initially fired at 700°C, in forming gas,
for one hour. It was then fired to 1100°C, in forming gas, for one hour for the shrinkage
test. After these two treatments, the part was infiltrated at 1100°C, in forming gas, for one
hour.
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The measured dimensional change, +1.15%, was probably highly inaccurate due to the
slumping of the part. A cross-section of the part showed large amounts of porosity (Figure
5.18).
Figure 5.18 Cross-section of bronze-infiltrated 1.5 vol. % carbonyl iron/0.25 vol. %
TiC 316L test bar. The part was printed on the alpha machine and was initially fired at
700°C, in forming gas, for one hour. It was then fired to 1100°C, in forming gas, for one
hour for the shrinkage test. After these two treatments, the part was infiltrated at 1100°C,
in forming gas, for one hour.
The first infiltration, which was performed in the hydrogen atmosphere with the mid-
infiltration vacuum, produced much better results. Further investigation is needed to
determine the cause of the severe slumping of the part. It seems likely that the slumping
was a result of the low strength of the part after the initial furnace treatments.
5.3 - TUNGSTEN CARBIDE
5.3.1 - BACKGROUND
Metal carbides make up another category of potential binder systems. These
materials include tungsten, tantalum, titanium, and vanadium carbides. They are available
in very small particles sizes (micron to sub-micron) and are often used to make carbide
tooling. Extensive work with tungsten carbide has been done by Michael Caradonna
[Caradonna, 1996]. Caradonna obtained successful dispersions of 0.8 micron Valenite
WC in both water and MultiTherm. The WC was ball-milled and dispersed with one dwp
Darvan C in water and 1.8 wt. % OLOA 1200 in MultiTherm. Caradonna successfully
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jetted both slurries though a 70 micron nozzle. It is likely that other carbides could be
similarly dispersed.
Carbides sinter at fairly high temperatures (T>1500°C). These temperatures are
well above TmAx. However, it was hypothesized that if the particles were really small or if
they were to decompose, they might react at a low enough temperature to act as a binder.
The Thermo-Calc diagram given in Figure 5.19 shows the equilibrium phases of a one
mole W/one mole C mixture. Below 825°C, the only phase present is phase #1 (WC). At
825°C, this phase decomposes to phases #2 (C) and #3 (W2 C).
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Figure 5.19 Thermo-Calc plot of equilibrium phases of a one mole W/one mole C
mixture at various temperatures. WC decomposes to W2C and C at -825°C. The vertical
axis of the plot shows the number of moles of each phase present at a given temperature.
Perhaps, via this decomposition, WC can act as a source of carbon. The other carbides are
completely stable at temperatures well above TMAx. It would be highly unlikely that they
would undergo reactions that would bind stainless steel powder together. They would
probably be relatively inert, like the example of TiC in 316L that was previously discussed
(Figure 5.8).
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5.3.2 - STRENGTH TEST RESULTS
Preliminary tests with a five vol. % WC slurry (in MultiTherm with 1.8 wt. %
OLOA 1200) in -170/+325 420 powder gave encouraging results. After being fired to
850°C in forming gas for 20 minutes, the pellets withstood more than three minutes of
sonication, showing no signs of further breakdown. However, at this temperature, the
surrounding powder did not come off easily. Preliminary tests were also conducted with
five and ten vol. % WC slurries dispersed in water with one dwp Darvan C. These slurries
were tested in 44-105 micron 316L powder at 700, 800, and 825°C. The samples fired at
700°C in forming gas for one hour were extremely fragile and disintegrated, releasing WC,
when sonicated. The samples fired at 800°C and 825°C, in forming gas, for thirty minutes
withstood sonication. Figure 5.20 shows an SEM micrograph of one of these samples.
Figure 5.20 Five vol. % WC in 316L (3kX). The WC was dispersed in water with one
dwp Darvan C. The sample was fired to 825°C in forming gas for thirty minutes. The WC
tends to collect in the neck regions, providing the bonding between the larger steel
particles.
However, the surrounding powder was again difficult to remove. It would probably be
difficult to retrieve parts that were fired at either of these temperatures.
In contrast to the WC slurries, a pure ten vol. % TiC slurry did not react at all at
825°C. The slurry itself did not go into the powder easily and the printed regions were
only minimally stronger than the unprinted regions. Dark areas were visible where the TiC
was put in, but these regions were not bound. These results were consistent with Thermo-
Calc calculations, which indicated that WC would decompose at 825°C while TiC would
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not. Similar results should be expected of tantalum and vanadium carbide slurries, since
both of these materials behave similarly to TiC. Neither of these materials was tested.
5.3.3 - SHRINKAGE TEST RESULTS
Shrinkage tests were conducted with the three different WC slurries. The first
slurry contained five vol. % WC dispersed in MultiTherm with OLOA 1200. The other
two slurries were dispersed in water with Darvan C; the first contained five vol. % WC and
the second contained ten vol. % WC. Each slurry was ball milled for over 40 hours with
tungsten carbide milling media. In each case, the samples were initially fired to 825°C in
forming gas for thirty minutes (binding) and then refired to 1100°C in forming gas for one
hour (infiltration simulation). The shrinkage results are given in Table 5-6.
Table 5-6 Shrinkage results for samples bound with various WC slurries. The samples
were bound at 825°C in forming gas for thirty minutes. The infiltration simulation was
performed at 1100°C in forming gas for one hour.
The shrinkage in the 420 samples bound with Multitherm-based binder was significantly
less than the shrinkage in the 316L samples bound with aqeuous binder. The reason for
this difference is not well understood. In each case, the parts possessed sufficient strength
to be sonicated and handled, but the surrounding powder could not be easily removed.
Because the WC reaction does not occur until at least 800°C, which will not permit easy
part retrieval, and the shrinkage values are not promising, WC would not seem to be a
viable binder.
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Binding Infiltration
Binder Powder Shrinkage Simulation
Type (%) Shrinkage (%)
5 vol. % WC in Multitherm 420 0.10 0.60
5 vol. % WC in water 316L 0.14 1.11
10 vol. % WC in water 316L 0.26 1.06
5.4 - TUNGSTEN, MOLYBDENUM, TITANIUM, AND TANTALUM
POWDERS
Tungsten, molybdenum, titanium, and tantalum powders are all available in very
fine particle sizes. In many cases, the small metal carbides that were previously mentioned
are made from these fine starting materials. Again, it was hypothesized that these
extremely fine powders might sinter at a temperature below TMAX. Preliminary strength
tests were conducted with the powders listed in Table 5-7.
Table 5-7 Test powders: W, Mo, Ti, Ta
All of the slurries, except for the W, were mixed with water and two dwp Darvan C and
were agitated by hand before being eyedropped into 316L powder. These samples were
then fired at 800°C, in forming gas, for thirty minutes. None of these three slurries
produced binding. All of the fragile samples disintegrated within a few minutes of
sonication. The W slurry was milled and then tested at 825°C, in forming gas, for thirty
minutes. These samples actually possessed sufficient strength. SEM analysis showed
behavior similar to that of the WC (see Figure 5.21).
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Slurry Concentration
Material Powder Size (microns) (vol. %)
W <1 avg. 5
Mo 1-10 5
Ti 1-3 5,10
Ta <2 avg. 5
--
Figure 5.21 Five vol. % W in 316L (3kX). The W was dispersed in water with one
dwp Darvan C. The sample was fired to 825°C in forming gas for thirty minutes. The W
collected in the neck regions to form the bonds between the larger steel particles.
However, subsequent shrinkage tests gave shrinkage values of 0.85% and proved that part
retrieval at this temperature would be quite difficult. In general, these metal powders
would not be viable reactive binders because they do not react at low enough temperatures.
5.5 - NICROBRAZ
Nicrobraz is a line of nickel brazing alloys produced by Wall Colmonoy
Corporation. These alloys are used to create high-strength assemblies of various base
metals, including stainless steel. They are available in powder, paste, rod, and sheet
forms. The brazing is usually performed in a vacuum or controlled atmosphere furnace.
5.5.1 - BACKGROUND
By printing Nicrobraz particles directly into the powder bed, it may be possible to
then heat the powder bed to the brazing temperature and effectively braze the particles
together to bind the part. Nicrobraz alloys are mainly composed of nickel with small
amounts of various additives, including boron, silicon, carbon, and phosphorus. Many of
these additives serve as melting point depressants for nickel. The melting point of nickel is
1453°C. By adding elements such as boron and silicon, the melting point can be reduced to
about 1000°C. The Nicrobraz alloy selected for these experiments was Nicrobraz 130,
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which contains 3.1% B, 4.5% Si, and 0.06% C max. [Nicrobraz technical data sheet,
1992]. Nicrobraz 130 is a general purpose brazing alloy which melts at 980°C. It flows
freely in hydrogen, inert gas, or vacuum atmospheres and can be used to braze contacting
surfaces (no joint gap).
Because Nicrobraz 130 does not melt until 980°C, with a minimum recommended
brazing temperature of 1010°C, it would not be possible to use it as a binder in untreated
powder. 1010°C is well-above TMA for any untreated stainless steel powder. It may be
possible, however, to print the Nicrobraz into moly-coated powder, which does not sinter
at this temperature (see section 4.3). Another potential problem with a Nicrobraz binder
concerns dimensional control. The liquid form of the alloy at the brazing temperature may
allow the stainless steel particles to move around. However, the melting point depressant
elements may diffuse out quickly enough to avoid such an effect. As the boron and silicon
diffuse out of the alloy into the bulk, the melting point of the alloy would increase and it
would freeze, locking the stainless steel particles in place. Previous experiments involving
infiltration of a stainless steel skeleton with Nicrobraz showed evidence of this behavior.
In these cases, the alloy locked up inside the skeleton before infiltration could be
completed. Ideally, as a binder, the Nicrobraz would melt just enough to form the
interparticle bonds and then freeze to lock the particles into place.
5.5.2 - STRENGTH TEST RESULTS
The smallest standard powder size available from the Nicrobraz manufacturer was a
-325 mesh cut. This powder was much too large to be dispersed and jetted. Therefore,
preliminary tests were done by dry mixing the Nicrobraz 130 with the moly-coated 420.
The dry powders were mixed together to form five, ten, and twenty wt. % Nicrobraz
samples. These samples were fired in forming gas, along with a moly-coated 420 control,
to 1050°C for thirty minutes. The control sample dissolved within a few seconds of
sonication and could also be broken apart with a soft brush. There was no visible
shrinkage in the Nicrobraz samples and they each withstood several minutes of sonication.
There was a marked improvement in strength with increasing Nicrobraz concentration. The
five wt. % sample withstood sonication, although the outer layers of the sample were
starting to break down and the surface was damaged when scratched with a fingernail. The
twenty wt. % Nicrobraz sample did not break down at all and was strong enough to resist
any damage during handling. Figure 5.22 shows an SEM micrograph of the twenty wt. %
Nicrobraz sample.
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Figure 5.22 Twenty wt. % -325 Nicrobraz 130/moly-coated 420 (.5kX). The sample
was fired, in forming gas, at 1050°C for 30 minutes.
Examination of the fracture surface of the sample revealed failure where the molybdenum
coating pulled away from the steel particles. Note that after sonication, all of the Nicrobraz
samples developed crystalline yellow/green islands on the top surface. This indicated that a
reaction had occurred; EDX analysis suggested that these islands were nickel oxide.
It would not be feasible to print a dispersion containing the Nicrobraz required to
reach twenty wt. % in the final part. However, as with the carbonyl iron, wet application
of the binder would probably require less Nicrobraz to achieve comparable binding.
Unfortunately, Nicrobraz is not available in very fine particle sizes. Through direct contact
with the manufacturer, a small quantity of -635 mesh Nicrobraz 130 was obtained. Figure
5.23 shows an SEM micrograph of this powder.
Figure 5.23 SEM micrograph of -635 mesh Nicrobraz 130 powder
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Attempts to disperse this powder, in order to perform a wet test, were unsuccessful. The
Nicrobraz was mixed with water and two dwp Darvan C and directly applied to a bed of
44-105 micron 316L powder. A severe filtering effect was evident with a solution of 7.8
vol. % Nicrobraz. Very little of the powder actually penetrated the powder bed in any case.
The Nicrobraz solution was then ball milled for 24 hours with stainless steel milling media.
Attempts to apply the milled solution to 316L powder were also unsuccessful. Although
some of the Nicrobraz did penetrate the powder bed, most of it was left on the surface.
Even -635 mesh Nicrobraz is too large to successfully penetrate the powder bed. To use
Nicrobraz successfully as a binder, a technique must be developed to obtain powder in the
micron size range. Only then can the effectiveness of Nicrobraz be truly evaluated.
5.5.3 - NICKEL CARBONYL WITH AND WITHOUT BORON ADDED
In an attempt to mimic the behavior of the Nicrobraz, a dry mix of small carbonyl
nickel and boron particles was tested. A similar dry mix test was also performed with the
carbonyl nickel by itself. The following four samples were all fired at 1050°C, in forming
gas, for thirty minutes:
1. Pure INCO 110 carbonyl nickel (0.8-1.5 micron)
2. Ten wt. % INCO 110 dry-mixed with moly-coated 420
3. Ten wt. % boron (one micron typ., 99.9+%) dry-mixed with INCO 110
4. Ten wt. % mixture #3 dry-mixed with moly-coated 420
Figure 5.24 shows that the carbonyl nickel itself sintered extensively. (Note: when the
same powder was fired at 700°C, in forming gas, for one hour, little sintering occurred.)
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Figure 5.24 Fracture surface of INCO 110 carbonyl nickel powder sintered at 1050°C,
in forming gas, for thirty minutes.
All of the other samples were extremely weak and could not even be removed from the
crucibles without crumbling. Although the carbonyl nickel sintered, it did not provide
enough strength to bind the moly-coated powder (Figure 5.25).
sintered
, carbonyl
nickel
Figure 5.25 Fracture surface of molybdenum-coated 420 powder dry-mixed with 10 wt.
% carbonyl nickel. The sample was fired, in forming gas, at 1050°C for thirty minutes.
The interparticle bonds were extremely weak.
The sintering carbonyl nickel appeared to only form fragile connections between the larger
stainless steel particles.
The addition of the boron to the carbonyl nickel actually seemed to have a
detrimental effect on the sintering behavior. Neither nickel carbonyl or a mixture of nickel
carbonyl and boron appears to be a viable binder.
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5.6 - SUMMARY
Carbonyl iron shows great potential as a reactive binder. It is available in very fine
particle sizes and sinters at a temperatures below TMAx for untreated powder. Although
shrinkage in the binding stage is negligible, it is quite significant at the infiltration
temperature (- 1.4%). This was attributed to the extensive sintering of the carbonyl iron,
which tends to pull the steel particles with it as it shrinks. To combat this effect, inert TiC
particles were added in a co-dispersion with the carbonyl iron. The TiC particles were
imbedded in the carbonyl iron and effectively acted as motion stops, greatly reducing the
total shrinkage (-0.33% min.). Test bars printed using a mask and "one-way jetting" gave
similar shrinkage values (-0.34% net shrinkage). However, the printed bars were much
weaker than cast samples.
Tests with metal carbides and other pure metal particles were not encouraging.
There were no significant binding reactions with any of the powders tested, except for the
tungsten and tungsten carbide powders. These powders, however, were not worth
pursuing because they only reacted at temperatures where it would be difficult to retrieve
the resulting parts from the powder bed.
A nickel brazing alloy, such as Nicrobraz 130, has potential as a reactive binder.
Dry mixing of the Nicrobraz with the stainless steel produced strong parts when fairly high
Nicrobraz concentrations were used (>10 wt. %). However, in order to truly judge its
effectiveness, smaller Nicrobraz powder is needed. An alternative method of using
Nicrobraz might be to print a sintering stop, such as alumina, into a powder bed of
stainless steel mixed with the larger Nicrobraz particles. In addition, reducing the amount
of molybdenum on the steel may permit the use of less Nicrobraz while still preventing
sintering at 1050°C.
A summary of the major results from this chapter is given in Figure 5.26 on the
following page.
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Figure 5.26 Summary of small particle binder experiments97
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6. CHAPTER SIX: CONCLUSIONS
The goal of this research was to find a reactive binder that would improve the
dimensional control of metal parts produced via Three Dimensional Printing. Current
processing techniques for metal parts produce total linear dimensional changes of
approximately -1.5% '/- 0.2%. A reactive binder would give better dimensional control by
reducing the total amount of shrinkage and, consequently, its variance. Three different
categories of reactive binders were investigated: carbon-based binders, metal salts, and
small particles. The most promising carbon-based system, considering both shrinkage and
edge differentiation, was a three vol. % C LN-152 colloidal graphite binder /420 powder
system that was fired in an argon atmosphere. In this case, the total shrinkage was 0.78%
(binding shrinkage=0.15% when fired at 800°C in argon, infiltration simulation
shrinkage=0.63% when fired at 1100°C in forming gas). However, this system depends
on the reducing and melting point depressant behaviors of the carbon to bind the part. No
additional material is added to form the interparticle bonds; instead, the carbon enhances the
sintering of the steel. Consequently, there will always be some shrinkage associated with
the sintering required to give the part strength. Likelier candidates for high dimensional
control systems can be found in the metal salt and small particles categories. In both of
these cases, material is added to form interparticle bonds. The steel itself does not have to
sinter. This behavior is analagous to that of colloidal silica, which is the binder used to
produce ceramic parts.
The only salt that produced successful binding in 420 powder was silver nitrate.
The shrinkage in this system was nearly 0.0% during binding, in forming gas, at 400°C.
The silver nitrate reduced to a continuous silver film in the neck regions, providing the
necessary interparticle bonds. None of the other tested salts exhibited similar behavior.
Although a silver nitrate binder combined with a low melting point infiltrant might be useful
for short-run tooling, other salts would be needed for use in hard tooling. Another
possible use for metal salt binders would be as the source of a sintering activator, such as
nickel in molybdenum. For example, if a method of producing a thin coating of
molybdenum on stainless steel was developed, it might be possible to achieve controlled,
activated sintering with the addition of a reducible nickel salt. However, as with the
carbon-based binders, the shrinkage associated with the sintering may be quite high. The
key issues for metal salt binders are solubility and reduction behavior. The salt must
reduce to elemental metal and gaseous byproducts, to avoid part contamination. It must
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also reduce to a continuous film or it will not hold the part together. Future work in this
area should focus on finding other metal salts that will meet these criteria.
The third category of reactive binders, the direct printing of small particles, shows
great promise. These particles can sinter together to form the interparticle bonds between
the larger steel particles, eliminating the need for the steel itself to sinter. For example,
parts cast with 1.5 vol. % carbonyl iron/0.25 vol. % TiC gave total shrinkage values of
0.38% (0.0% shrinkage during binding). These parts were bound in forming gas at
700°C, resulting in excellent edge differentiation. The TiC particles served to reduce the
shrinkage in the infiltration simulation stage (1100°C) by acting as motion stops. They
prevented the steel particles from being pulled together as the carbonyl iron sintered.
However, tests on printed bars emphasized one of the key issues that must be addressed
with this category of binders: jetting of small particles. The printed parts were much
weaker than the cast samples; this difference may be a result of the loss of material during
the filtering needed to jet the carbonyl iron/TiC binder. Future work in this area should
focus on improving the jetting behavior of such small particle systems. The other key issue
in this area is finding small particles that will react/sinter at the binder activation
temperature, but will undergo minimal reaction/sintering at the infiltration temperature.
Sintering at the lower temperature is necessary to bind the part; however, if this sintering
continues unchecked at the higher temperature, it will cause center-to-center motion of the
steel particles and large shrinkage values will result. This is why minimal reaction at the
infiltration temperature is desired. Nickel brazing alloys such as Nicrobraz may display
this behavior if the melting point depressants that they contain quickly diffuse out into the
bulk, leaving behind a higher melting point alloy that would freeze in place. To be jetted
successfully, however, micron-sized particles would be required and these are currently
unavailable commercially. It may be possible to achieve similar behavior by printing a
mixture of nickel and boron. Another way to reduce the shrinkage at the higher
temperature is to introduce inert particles, such as TiC, to constrain the motion of the steel
particles as the binder particles sinter.
It should be possible to use a low binding shrinkage system (<0.5% at the binding
temperature) to create high-accuracy, short-run tooling. In this case, a bound part would
be brought to full density with a low melting point infiltrant or via electroplating.
However, for hard tooling, future work should focus on the key issues listed above.
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8. APPENDIX A: Calculation of Shrinkage Test Measurement Errors
For one shrinkage sample, two pins are set approximately one inch apart (see
Figure 2.4). The x and y positions of each pin are measured using a micrometer-driven
stage and an optical microscope. The reproducibility of each x or y measurement using this
set-up is limited to five microns. Figure A. 1 shows the nominal positions of the pins, along
with the positions in worst case measurements.
*f e L0=25.4 mm
I X toiLmax 
X - - _ -1'' - - - -X 
0--,,,,,, L ,~l~,,,,,,,,,,z __ -11-------L m in--------1
L
F
5 gm
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. 1'
-J W1
.
5 1
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Figure A.1 Nominal and worst-case measurements of pin position
Using the Pythagorean theorem,
L = x2 + 
L = (25.4+10x10-3)2 +(lO10-13 )2 = 25.410 mm
L.. = 25.4 mm- 10 um = 25.390 mm
With Lo=25.4 mm and errors in x and y of five microns, the pin-to-pin distance is given by
Lo+/-10 microns. The maximum error in any one shrinkage measurement occurs when the
first measurement is Li- 10 microns and the second is Lf+10 microns or vice versa. This
leads to a total error of twenty microns in any one shrinkage measurement.
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X nominal pin positions
* maximum distance
o minimum distance
9. APPENDIX B: Schematic of Large Part Printed With Colloidal
Graphite on the Alpha Machine
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10. APPENDIX C: Preparation of Silvering Solutions Used in Chemical
Reduction Methods [Addicks, 1940]
When preparing silvering solutions, one must be extremely careful. All containers
in which the solution was prepared or stored should be thoroughly cleaned. If residue
from the silvering solution is allowed to dry in the vessels, violent explosions may occur if
the vessels are even mildly disturbed.
High purity aqeuous ammonia is added to the silvering solution to just redissolve
the precipitate that forms. The addition of the correct amount of ammonia is critical to the
success of the silvering process. To achieve the correct balance, two solutions (A and B)
are used (Table C-1).
Silvering Solution
Brashear Formaldehyde
A
Silver Nitrate 20 g 20 g
Potassium Hydroxide 10 g ---
Distilled Water 400 ml 11
B
Silver Nitrate 2 g 2 g
Distilled Water 30 ml 100 ml
Table C-1 Compositions of Brashear and Formaldehyde silvering solutions
Add small amounts of ammonia to solution A and stir vigorously after each addition. In the
beginning, the addition of the ammonia will result in greater amounts of precipitate.
Continuation of the process, however, will lead to an eventually clearing of the solution.
As the solution starts to clear, be more cautious with the amount of ammonia added and stir
for an extended period of time. The ammonia must be given enough time to redissolve the
precipitate as completely as possible. Add the minimum amount of ammonia to clear the
solution.
At this point, add small amounts of solution B according to the same procedure
used to add the ammonia. If the correct amount of ammonia was added to solution A, the
addition of solution B will results in the precipitation of silver oxide. This precipitate will
darken the solution permanently, even if it is agitated. If the precipitated silver oxide does
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redissolve, add solution B in small amounts until the solution does darken. Do not use the
silvering solution unless the darkening has occurred!
This procedure will insure that there is a slight excess of silver in the solution,
which will then be reduced readily.
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11. APPENDIX D: Contacts
Material Company Contact Phone Number
17-4 PH Powder Anval, Inc. Toby Tingskog 201-939-1065
Alumina Substrates Kyocera 612-704-3830
Carbon Black Cabot Corp. Jody Bates 508-670-7093
Gregg Smith 508-670-7093
Carbonyl Iron International Specialty Christopher Avallone 201-628-3679
Products
Carbonyl Iron BASF Corporation Dr. A. Friederang 201-426-4780
Carbonyl Nickel INCO Glenn Tuffnell 201-843-8600
Ceramic Furnace Vesuvius-McDanel 412-843-8300 x 274
Tubes
Ceramic Furnace Coors 303-277-4043
Tubes
Information on the Sherritt, Inc. Hugh Scheie 403-992-7000
Reduction of Nickel
Salts
LN-152 Colloidal Fuchs Lubricants Anand Kakar 412-867-5000
Graphite
Molybdenum Powder Climax Specialty Scott Ohm 517-279-9511
Metals
Molybdenum Powder HC Starck Hope Mugerwa 617-630-5918
Nicrobraz Wall Colmonoy Robert Peaslee, VP 810-585-6400
Corp.
Silvaloy Engelhard 800-631-3341
Titanium Carbide Kennametal Moria McCloud 604-420-2265
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